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ABSTRACT

We demonstrate a resonance imaging protocol for optical lattices that enables robust

preparation and single qubit addressing of atoms with sub-wavelength resolution

in 1D. A 3D optical lattice consisting of three sets of independent 1D counter-

propagating laser beams provides the trapping potential for the atoms. On this

optical lattice platform, a long-period 1D “superlattice” is imposed by interfering

two laser beams at a shallow angle centered at the atoms. This superlattice creates a

position-dependent shift of the qubit transition frequency defined between two spin

states in the ground manifold. Isolated 2D planes of atoms are prepared by flipping

the resonant spins with a microwave pulse and removing the non-resonant spins by

pushing them out of the lattice with a resonant laser beam. The periodic planes of

atoms that are prepared can be imaged by applying another microwave pulse and

detecting the fluorescence from the spins that flip back to the initial state, as a

function of superlattice displacement between the preparation and read-out pulses.

By employing these new techniques for sub-wavelength imaging, we tested the

e↵ectiveness of using composite pulses for addressing the trapped atoms in an optical

lattice. Composite pulse techniques can be used to reduce the sensitivity of the

addressing to small variations in the relative position and intensity of the lattices.

This robustness is achieved by applying numerically generated composite pulses that

have a constant atomic response within a target range of relative lattice positions and

intensities. We designed a composite microwave pulse that flips the spin with near

unit fidelity for all atoms that are positioned within a target spatial region, while

conserving the spin of the atoms outside of that region. This cannot be accomplished

with plain pulses due to o↵-resonant excitation. We also expanded the concept of

this technique for robustly addressing spins even further to implement independent

unitaries, or single qubit quantum gates, across several adjacent lattice sites. Finally,
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in order to quantitatively measure the fidelity of these robust composite pulses, we

perform a randomized benchmarking procedure, which was first proposed by Knill.

[46]
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CHAPTER 1

INTRODUCTION

For more than a decade quantum information science has been developed in or-

der to measure, transmit, and process information encoded in quantum systems.

However, this undertaking has been proven to be very challenging. The primary

reason for this is because the quantum system must be well controlled and ac-

curately measurable, while having very little or no interaction with parts of its

environment that is uncontrolled. Some physical platforms have been very suc-

cessful in enhancing performances compared to its classical counterpart in spe-

cial tasks. Quantum metrology[28] utilizes quantum entanglement for measuring

physical parameters with sensitivity below the standard quantum limit[27]. Quan-

tum metrology has proven successful in systems geared toward time measurements,

such as atomic clocks[57], and phase measurements[47, 63] with NOON or squeezed

states. Squeezed light[14] is also expected to be used in Advanced LIGO[75] for

measurements of gravitational radiation. Quantum communication systems have

also been developed at a fast pace. After the BB84 protocol[5], which originally

encoded information in photon polarization states, was introduced in 1984 many

other protocols[10, 22] have been devised. Experimental implementations of these

protocols in long distance fiber optic networks[36] have been successful and is now

developed to a stage where there are commercial products[37, 53] that use quantum

key distribution to securely exchange keys via quantum cryptography. Quantum

simulators[24] have produced results that are significant for the advancement of sci-

entific knowledge. Particularly, after the development of Bose-Einstein Condensates

(BEC) for laser cooled atoms[2, 18], the atoms trapped in periodic potentials have

been used to simulate solid state systems, producing results leading to better under-



15

standing of the complex quantum behaviors of solid state materials[1, 3, 8, 29, 73].

Physical implementation of quantum computation remains at a more rudimen-

tary level than the relatively mature fields of quantum metrology, communication

and simulation. Producing a quantum computer that outperforms a classical com-

puter in the most traditional sense, e.g., factoring large numbers, is still far from

reality. One of the original motivations for developing a quantum computer is for

factoring large numbers with Shor’s quantum algorithm[72] which was formulated

in 1994. This algorithm, which is related to data encryption, exploits the e�ciency

of quantum Fourier transforms[31] to achieve exponentially faster computational

speeds compared to classical algorithms. This feature should allow a relatively

small sized quantum computer to surpass the most advanced classical super com-

puter in terms of computational speed for certain problems. Several other quantum

algorithms have been devised since then.[61]

In the pursuit of establishing a viable platform for quantum computers, many

techniques and a variety of physical systems have been proposed and tested. One of

the most promising and best developed rudimentary quantum processors consists of

atomic ions.[16, 43] Entanglement of multiple qubits has been demonstrated on this

platform[7], but scalability is still an issue that needs to be addressed. There is also

an approach based on photon polarization states. These systems have great coher-

ence due to the photon not interacting with its environment, while the polarization

state can be well controlled using birefringent material. The KLM (Knill-Laflamme-

Milburn) scheme,[45] which was experimentally demonstrated in 2009,[64] showed

the possibility of a scalable quantum computer using linear optical circuits in this

platform. Nuclear magnetic resonance (NMR) platforms have produced 12 qubit

quantum processors[58] and have demonstrated Shor’s algorithm.[78] However, lim-

itations to scalability is a major obstacle that needs to be solved. Semiconductor

nano-structures (quantum dots) and dopants embedded inside solids are also candi-

dates for a viable quantum computer.[38] Nuclear spin interaction in the semicon-
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ductor substrate,[34] and insu�cient fabrication methods for qubit positioning[70]

are challenges for this platform. Superconducting circuits are also being developed

for use as qubits. Despite their macroscopic scale, the decoherence times of these su-

perconducting qubits are rapidly increasing,[79] but is still relatively short compared

to, e.g., atomic ions, and remains a major challenge.

The platform for quantum information science that we are pursuing is based on

trapped neutral atoms.[13] Due to the outstanding coherence properties of atomic

energy levels, isolated atomic systems have potential to be a major contender for

development as a quantum computer platform.[12] We are particularly interested in

expanding and creating novel techniques to e�ciently image, address, and control

the neutral atom qubits in the presence of real-life errors, such as dephasing and

decoherence. As a first step towards this goal, we pursue imaging and addressing

atoms trapped within an optical lattice.

The main di�culty in achieving lattice site resolved imaging and addressing of

atoms trapped in an optical lattice is the requirement for very high, in some cases

sub-wavelength, resolution. David Weiss’s group at Penn State University tackled

this problem by creating a lattice with large spacing via beams interfering at shallow

angles.[59] The large spatial extent of the traps in these lattices make it di�cult to

cool the atoms down into the vibrational ground states, and new techniques need to

be devised.[51] Marcus Greiner’s group at Harvard University[4, 73] and Immanuel

Bloch’s group at the Ludwig-Maximilians University[71, 80] have approached the

spatial resolution problem using high resolution optics. This approach requires a

high numerical aperture objective lens which entails extremely short working dis-

tances along with a very short depth of focus. Therefore, atoms are trapped in a

2D lattice very close (⌧ 1mm) to the objective lens and optically imaged. Other

groups have use a di↵erent approach with gradient magnetic fields for position de-

pendent atomic transitions. In order to have large enough gradient fields for single

site resolution Dieter Meschede’s group at the University of Bonn incorporates a
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large electro-magnet surrounding the atoms.[40] Dan Stamper-Kurn’s group at Uni-

versity of California Berkley uses a small electro-magnet very close (< 250µm) to

the atoms.[9] All of these methods described above are fairly intrusive, limiting ac-

cess to the atoms. Furthermore, having metallic structures close to the atoms make

controlling the magnetic fields extremely di�cult due to electrical eddy currents and

magnetization.

In the work described here, we take a di↵erent approach to site resolved imaging

and addressing, by incorporating a superlattice created by two interfering beams at

a shallow angle. With the appropriate laser beam parameters, the superlattice can

apply a su�ciently di↵erent AC Stark shift to the atomic energy levels of neighboring

atoms to spectrally resolve atoms in a single lattice site. This position dependent

“light shift potential” created by the superlattice will also provide the foundation

for our method to apply quantum gates to atoms with single site resolution, even

in the presence of various experimental errors. This dissertation will discuss our

e↵orts to achieve these objectives in the following manner. Chapter 2 will describe

our experimental setup, how we prepare the atoms in the optical lattice, and the

techniques we use to do measurements on the atoms. In chapter 3 we discuss a

critical requirement for our experiments, which is background magnetic field nulling.

The superlattice which is the basis of our imaging and addressing experiments will be

introduced in chapter 4, and we will demonstrate sub-wavelength resonance imaging

in chapter 5. Chapter 6 will display the next step of our experiment, which uses

numerically generated composite pulses for robust addressing. In chapter 7 we

describe how we measured the average error per gate for these composite pulses.

Finally, in chapter 8 we discuss the future outlook of this experiment.
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CHAPTER 2

EXPERIMENTAL METHODS AND MEASUREMENTS

This chapter lays down the groundwork for the following chapters, which is laser

cooling neutral cesium atoms and trapping them in an optical lattice. First, we

introduce the 6S and 6P electronic states for 133Cs. Relevant transitions between

the cesium hyperfine energy levels for laser cooling and trapping are discussed. The

experimental methods that we use for laser cooling, and the properties of the atomic

sample that we obtain are described. We also recount how we do measurements on

the atomic sample and show various techniques that provide di↵erent information

about the quantum state of the atoms. The optical lattice, which is the most essen-

tial part of our setup, is presented. We show how we further cool the temperatures

of the atoms trapped in the optical lattice via Raman sideband cooling, and discuss

the outcome. At the end of this chapter we will show that we can prepare atoms

in the vibrational ground state of the 3D optical lattice, thereby providing a good

starting point for quantum information experiments.

2.1 Ultracold Cesium Atoms

The techniques for laser cooling neutral atoms have been developed for more than

two decades and are now well established.[65, 76, 81] Without going into detail

regarding standard cooling techniques, we will briefly describe the basic concepts

and present the standard methods that many groups are using for laser cooling

cesium atoms. The basic concepts will be briefly described followed by details about

our own implementations and results. For most of this thesis we will consider the Cs

atom as a qubit, i.e., a two-level atom, by selecting two states within the hyperfine
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Figure 2.1: Cesium D2 and D1 transition hyperfine structure. Magnetic sublevels
(mF ) are shown for each hyperfine level (F ). Frequency splittings are also labeled.

ground manifold. However, in order to laser cool alkali atoms below the doppler

limit [17] we need to take advantage of the multi-level structure of the atoms. Large

frictional forces can be exerted to the atomic motion by utilizing internal atomic

states that strongly depend on polarization gradients applied by a laser field. We can

cool the atoms to 8 orders of magnitude below room temperature, and the kinetic

energy of the atoms will be lower than the potential depth of our optical lattice.

2.1.1 133Cs Energy Levels

Figure 2.1 shows the hyperfine and magnetic sublevels of 62S1/2, 62P1/2, and 62P3/2

fine structure levels. The hyperfine structure results from the interaction between

the nuclear angular momentum (I) and the total electronic angular momentum (J).
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The total electronic angular momentum is defined by the interaction between the

orbital angular momentum (L) and the electronic spin (S = 1/2), ~J = ~L + ~S.

For 133Cs, I = 7/2 and thus, 62S1/2 and 62P1/2 each have two hyperfine manifolds

(F = 4 and F = 3) while 62P3/2 has four (F = {5, 4, 3, 2}). Each hyperfine man-

ifold has 2F + 1 magnetic sublevels which we refer to as |F,mF i throughout this

thesis. Optical transitions (894.6nm) between 62S1/2 and 62P1/2 states define the

D1 transition. In our setup we use this transition for continuous probe polarimetry

measurements, described in appendix C. All other optical transitions are D2 transi-

tions (852nm) between 62S1/2 and 62P3/2 states. To distinguish the hyperfine level

quantum numbers between the ground and excited states of these transitions we use

a primed notation for the excited states, e.g., F 0. Important D2 transitions for laser

cooling are the F = 4 ! F 0 = 5 (cooling), and F = 3 ! F 0 = 3 (repumping) tran-

sitions. Optical pumping into the |4,�4i state is achieved via the F = 4 ! F 0 = 4

and F = 3 ! F 0 = 3 transitions.

2.1.2 Laser Cooling and Trapping

The experiment starts with a 3D magneto-optical trap (MOT) [55] produced by

three counter propagating pairs of laser beams(“MOT beams”) along three orthog-

onal directions, and a pair of magnetic coils in anti-Helmholtz configuration(“MOT

coils”). We typically load the MOT for 2 to 3 seconds, during which we capture

approximately 10 million cold atoms. At the end of the MOT loading stage of

the experiment, we “crunch” the atomic cloud by applying a high current through

the MOT coils for a short amount of time.This procedure makes the atomic cloud

spatially smaller (� = 0.35mm) and denser (up to ⇠ 1011atoms/cm3), which is

advantageous for minimizing inhomogeneity. At this point of the experiment the

temperature of the atoms is still more than an order of magnitude larger than the

depth of the optical lattice (15 to 40µK).

We cool even further with an “optical molasses” procedure [50], which applies
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Figure 2.2: Experimental control values of the AOM controlling the F = 4 ! F 0 = 5
transition laser. From 0 to 8.5ms the atoms undergo optical molasses cooling. The
AOM is placed in a double pass configuration. On-resonance corresponds to 88MHz
of the AOM frequency.

a position dependent polarization gradient observed by the atoms. The gradient

magnetic field produced by the current through the MOT coils is turned o↵, and the

MOT beams provide the laser field for the polarization gradient cooling. The optimal

laser settings for the optical molasses, i.e., the settings that results in the lowest

temperature of the atoms, is di�cult to find. Figure 2.2 shows the complexity of

the frequency and amplitude control needed for the laser during the optical molasses

stage of the experiment. The values and timings in figure 2.2 are those for the AOM

controlling the F = 4 ! F 0 = 5 laser. These control parameters were determined

through trial and error, where temperatures down to ⇠ 1.5µK were achieved.

2.2 Measurements of Atom Internal Quantum State

As a method of measuring the temperature and atom number of the atomic cloud, we

use a time-of-flight (TOF) detection technique. [30, 69] Figure 2.3 shows a schematic

of the TOF detection setup, along with time-dependent fluorescence measurements
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Figure 2.3: Schematic of the time-of-flight detection setup. Atoms are cooled near
the top of a glass vacuum cell. The atoms fall when released from the trap by
the influence of gravity, and a fluorescence signal is detected when the atoms pass
through a flat on-resonance (F = 4 ! F 0 = 5) laser beam, 68mm below the trap.
Three lenses (L1, L2, L3) gather the fluorescence light and send it to a detector. The
fluorescence signal shown on the top right corner is actual data of atoms released
after optical molasses cooling.

from a detector. There is a thin sheet of an on-resonance laser beam (“TOF beam”)

68mm below the atoms.

The atoms are released from the trap and dropped in the presence of gravity

at precisely the time we want to measure the temperature of the atoms. The time

it takes for the atoms to arrive at this TOF beam after release is approximately

t =
q

2⇤68mm
9.8m/sec2 ' 118ms. Due to its temperature distribution the cloud expands in

space during the time it is falling. The RMS width of the atomic cloud (�atoms) at

time t can be expressed as

�atoms(t) =
q
�2
0 + �2

vt
2 (2.1)
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where �0 is the initial RMS width of the atomic cloud before release (⇠ 0.35mm),

and �v is the velocity distribution of the atoms. The temperature of the atoms (T )

can be expressed with �v as

T =
M

kB
�2
v (2.2)

where M is the mass of a single cesium atom (133Cs), and kB is the Boltzmann

constant. The atoms fluoresce while they pass through the TOF beam and the

time-dependent radiation emitted by the atoms (Pfluor(t)) can be expressed as

Pfluor(t) =

Z

V

d~r p(~r) · ⇢(~r, t) · �(I) · h⌫ [W ] (2.3)

where ~r is the 3 dimensional position vector, p(~r) is the probability distribution of

a photon of the TOF beam, ⇢(~r, t) is the position and time dependent density of

the atoms, �(I) is the on-resonance scattering rate, h is Planck’s constant, and ⌫

is the frequency of an emitted photon. The fluorescence is sent to a detector1 with

three lenses, shown in figure 2.3. The lens L1 and dielectric mirror to the left of

the glass cell act as a concave mirror reflecting fluorescence light emitted to the left

and sending the radiation to the right where the detector is placed. This enables us

to detect two times more signal from the atoms compared to gathering fluorescence

from only one side. The lens L2 acts as a relay lens, while the lens L3 gathers

the relayed light into the detector. The reason why we relay the radiated light is

to move all metallic material, such as the detector casing and BNC connectors, as

far away as possible from the atoms. We were able to move the detector > 90mm

away from the glass cell. Another benefit of having a relay lens for gathering the

fluorescence is that we can better control stray light, i.e., selectively block light from

other sources.

The plot of the fluorescence signal versus time in figure 2.3 is an experimental

TOF signal from atoms released at the end of the optical molasses stage. Using

1The detector (UDT PIN-10DI) has a response of 0.62A/W at 852nm and is connected to a

photovoltaic trans-impedance amplifier with a current to voltage conversion of 2 ⇥ 107
V/A.
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equation 2.2 we calculate the temperature of the atoms right before release, i.e.,

after optical molasses cooling, to be 1.5µK. We can also estimate the number

of atoms passing through the TOF beam using equation 2.3.2 The calculations,

which give atom numbers of ⇠ 10 million, match well with our estimates from other

measurements.

By applying a gradient magnetic field to the atoms during the time they fall,

we can acquire information about the magnetic sublevel (mF ) of the atoms via the

time-dependent fluorescence signal. This is called the Stern-Gerlach method [23, 60]

since we have spatial selectivity of magnetic sublevels through a gradient magnetic

field. Di↵erent amounts of force along the z direction (Fm) will be applied to the

atoms depending on the atom’s magnetic substate. Assuming weak fields we can

write

Fm = �mFµ
@B

@z
(2.4)

where B is the magnitude of the magnetic field, µ = gFµB is the magnetic moment,

gF is the hyperfine Landé g-factor, and µB is the Bohr magneton. For atoms in

the hyperfine ground manifolds of F = 4 and F = 3, the the Landé g-factors are

gF = 1/4 and gF = �1/4, respectively. Note that the magnetic force exerted onto

the atoms is proportional tomF , and only gravitational force will be applied to atoms

in mF = 0. We create the gradient magnetic field needed for Stern-Gerlach analysis

by supplying current to the MOT coils.This gradient magnetic field is applied to

the atoms for 18ms, starting 21ms after releasing them from the trap.

Figure 2.4 (a) and (b) show Stern-Gerlach measurements for atoms in F = 3

and F = 4, respectively. For atoms in F = 3, the |3, 3i atoms arrive at the TOF

beam earlier than the |3,�3i atoms. As for the atoms in F = 4, the |4,�4i atoms

arrive at the TOF beam earlier than the |4, 4i atoms. This reverse e↵ect on the force

between the F = 3 and the F = 4 atoms is due to the opposite sign of the Landé

g-factors. Stern-Gerlach measurements of atoms in a mixed state after molasses

2MATLAB program: TOFsigCalc 071310.m



25

| 4, �4 i| 3, 3 i

| 3, 2 i
| 4, �3 i | 3, �3 i
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Figure 2.4: Stern-Gerlach measurements. (a) Atoms in the F = 3 manifold. Atoms
were optically pumped into the |3, 3i state (red data) from a mixed state (7 magnetic
sub levels) after optical molasses cooling (blue data). (b) Atoms in the F = 4
manifold. Atoms were optically pumped into the |4,�4i state (red data) from
a mixed state (9 magnetic sub levels) after optical molasses cooling (blue data).
Small populations of atoms were detected in |3, 2i (for (a)), |4,�3i, and |3,�3i (for
(b)) due to imperfect optical pumping.

cooling are shown as the blue signals, where we can see all magnetic sublevels within

the hyperfine manifold, 7 states for F = 3 and 9 states for F = 4. Optically

pumped states are shown as the red signals, where we prepared the |3, 3i and |4,�4i
states. Optical pumping was not perfect due to magnetic field and laser beam

polarization errors, and we were able to observe small populations in other states,

which are labeled in each graph. Stern-Gerlach measurement is our primary method

for reading out the qubit state information for microwave spectra (appendix D), and

resonance imaging. For most data in this thesis the qubit states are |4,�4i and

|3,�3i, which are clearly distinguishable in figure 2.4 (b).

2.3 Loading Cesium Atoms into a 3D Optical Lattice

After cooling the atoms to temperatures of 1.5µK to 3.5µK, we are able to trap

them with our 3D optical lattice which has a maximum trap depth of approximately
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40µK. The 3D optical lattice consists of three 1D counter propagating laser beams

in the x, y and z directions, which we denote as the x, y, and z�lattice. The laser

frequencies for the lattice beams are detuned by approximately 140GHz from the

F = 4 ! F 0 = 5 D2 transition. The AOMs3 controlling the laser intensities of

the x, y, and z�lattice are set at +70MHz, �70MHz, and �80MHz, respectively.

Therefore, the 1D lattices are relatively o↵set in frequency from each other by at least

10MHz. In this case, the cross interfered terms of the irradiance, between beams

of di↵erent 1D lattices, will oscillate at 10MHz or faster. Considering that the

time scale of the atomic motion is set by the oscillation frequency of the trapping

potential (35kHz), each 1D lattice can be assumed independent. Note that the

lattice site separation is half a wavelength (426 nm) along all three major axes. All

polarizations for the lattice beams are linear, and for each 1D lattice the relative

angle between the two polarization axes of the counter propagating beams (“lattice

angle”) is controlled by a Pockels cell electro-optic modulator (EOM).4 We denote

the lattice configuration with a lattice angle of ✓ as “lin�✓�lin.” Within this thesis,

the lattice configuration will typically be lin�0� � lin, or equivalently lin�//� lin

(“parallel”), unless specified otherwise.

The optical lattice beams are turned on at the beginning of optical molasses

cooling. The atoms that are cold enough to be trapped in the optical lattice will be

held in the lattice until the lattice beams are turned o↵, and the atoms fall due to

gravity. The hot atoms that are not trapped in the optical lattice will fall by the

influence of gravity immediately after the optical molasses cooling stage ends. Some

atoms that heat up after being trapped in the optical lattice, due to background

atom collisions and photon scattering, will leak out of the lattice potential. Figure

2.5 shows the TOF signal when atoms of temperature 3.65µK were loaded into the

optical lattice. The atoms were held in the optical lattice for 15ms after optical

3Neos #23080
4Leysop Ltd. Three electrode Pockels cell.
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3.5 µK

Figure 2.5: TOF signal after loading into lattice. The atoms at 10ms correspond to
those that have temperatures higher than the lattice depth and are not trapped in
the lattice. The atoms that are trapped in the lattice are held for 15ms and then
released. Some atoms near the top of the lattice potential leak out of the trap and
are detected from 10 to 25ms.

molasses ended, and then dropped by turning o↵ the optical lattice beams. 86%

of the atoms were held in the lattice, seen at 25ms of the TOF signal. The width

of the fluorescence signal from these atoms indicate that the temperature of these

trapped atoms was 3.5µK. Some of the atoms were too hot to be loaded into the

optical lattice, which are seen at 10ms of the TOF signal. Other atoms were initially

trapped by the lattice and then leaked out during the 15ms holding time.

We can estimate the number of atoms that should be loaded into the lattice for

a given atomic cloud temperature and lattice depth. We make several assumptions.

First, only the optical lattice along the z direction (z�lattice) is relevant for holding

the atoms up against gravity, i.e., calculations can be done in 1D. Second, the

counter propagating lattice beams are cylindrically symmetric Gaussian beams and

have equal intensities. Third, the atoms have the same temperature distribution

(Boltzmann distribution) at any point in space within the cloud. Forth, the center

of the lattice beams are perfectly aligned to the center of the atomic cloud. Fifth, the

lattice potentials are harmonic with eigenstates |ni corresponding to eigenenergies

En = ~!osc(n + 1/2), where n = 0, 1, 2, ... are the vibrational quantum numbers,
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Figure 2.6: Calculation of optical lattice trapping probability as a function of radial
position. Calculated (a) trap depth and (b) oscillation frequency using the intensity
profile. (c) Number of trapped states according to the trap depth and oscillation
frequency. (d) Probability of an atom being trapped when the atom cloud has a
temperature of T = 3.65µK. This probability weighed by the atom distribution will
give the fraction of atoms that will be trapped in the optical lattice. (e) Trapping
ratio (fraction of atoms being trapped) as a function of atom temperature for our
current setup. Note that (e) was plotted with a lattice beam intensity of 172mW
and an atom cloud size of � = 0.35mm.
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and !osc is the oscillation frequency. With these assumptions, we can calculate the

probability of loading an atom into the optical lattice potential.5 For this experiment

the z�lattice beam had 320mW of power with an RMS width of 0.888mm. Knowing

the intensity, we can calculate the far o↵-resonant single beam light shift of atoms

in the F = 4 hyperfine ground state with the equation

U1
4 =

~�
8

I/Isat
�450/�

(2.5)

where ~ = h/2⇡, �450 = 140GHz is the detuning of the optical lattice beams from

the F = 4 ! F 0 = 5 transition, � = 2⇡ · 5.2MHz is the natural linewidth of the

D2 transition, and Isat =
~�!3

12⇡c2 = 1.1mW/cm2 is the saturation intensity for unit

oscillator strength. The lattice depth, shown in figure 2.6 (a), is dependent on the

radial position (r) and can be calculated as Upp(r) = 8
3U

1
4 (r) for a lin � 0� � lin

lattice configuration [66]. Figure 2.6 (b) plots the oscillation frequency (!osc) as a

function of r, which can be calculated using the harmonic approximation

~!osc

ER
= 2

r
Upp

ER
(2.6)

where ER = 2⇡ · 2.066kHz is the recoil energy of a D2 transition. With the trap

depth (Upp) and oscillation frequency (!osc) we can derive the number of trapped

vibrational states, shown in figure 2.6 (c). Assuming that the atoms of temperature

T follow the Boltzmann distribution we can find the probability of an atom at posi-

tion r being trapped (figure 2.6 (d) red line) by adding the occupation probabilities

(⇧n) of all the existing trapped vibrational states [66], where

⇧n = (1 � qB) · qnB (2.7)

Here qB ⌘ exp (�~!
osc

k
B

T ) is the Boltzmann factor. We weigh the probability of an

atom at r being trapped with the atom cloud distribution to estimate the fraction

of atoms that should be trapped in the optical lattice. The calculations suggest

5MATLAB program: 20100919 LatticeLoadCalc.m
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85% of the atoms should be trapped, which agrees well with our measurements

shown in figure 2.5 (86%). Therefore, we believe that we have an accurate model

of Boltzmann distributed atoms, occupying many vibrational levels of the optical

lattice. Figure 2.6 (e) shows calculations of the trapping ratio (fraction of atoms

being trapped) as a function of the temperature. For temperatures below 2.85µK

we should trap more than 90% of the atoms into the optical lattice. Note that the

parameters used in (e) reflects the current state of the setup, while the parameters

in (a) through (d) are those used when the data in figure 2.5 as taken.

2.4 Optical Pumping and 3D Raman Sideband Cooling

For the resonance imaging and robust addressing experiments that we will be

discussing in the following chapters, we typically have oscillation frequencies of

!osc ' 35kHz, and atom temperatures of T ' 2µK after optical molasses. These

numbers give Boltzmann factors of qB ' 0.43, and mean vibrational excitations of

n̄ = 0.76 per degree of freedom. In other words, only (1� qB)3 ' 19% of the atoms

will be in the 3D ground vibrational state of the optical lattice. Now we need to

include the vibrational quantum number n into the description of the energy eigen-

states. We write this as the tensor product of the total angular momentum state

and the harmonic oscillator state. For the 1D case we write

|F,mF ;ni ⌘ |F,mF i ⌦ |ni (2.8)

and for descriptions in 3D we write

|F,mF ;nx, ny, nzi ⌘ |F,mF i ⌦ |nxi ⌦ |nyi ⌦ |nzi (2.9)

where nx, ny, and nz are the vibrational quantum numbers for the harmonic oscilla-

tor states in the x, y, and z directions, respectively. For the sake of clarity, we will

first discuss the case for a 1D lattice along the z direction, and then generalize for

the 3D case.
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Figure 2.7: Schematic of Raman sideband cooling process. Atoms can be cooled
into the vibrational ground state of either |4,�4i or |3,�3i via Raman sideband
cooling. For most experiments shown in this thesis we cool into |4,�4; 0i which
process is shown in the left. The two states |4,�4; 1i and |4,�3; 0i are brought
into degeneracy via bias magnetic field. A Raman transition between the two states
occur assisted by two optical lattice photons. An optical pumping photon sends the
atom into the |4,�4; 0i state resulting in “cooling” the atom.

2.4.1 1D Raman Sideband Cooling

Having a distribution of atoms across many vibrational states is problematic, be-

cause our measurement method (Stern-Gerlach analysis) cannot distinguish the flu-

orescence signal from di↵erent |ni states within a single magnetic sublevel. For the

two qubit states, we need to choose magnetic sublevel states in di↵erent hyperfine

ground manifolds with the same vibrational quantum number, in order to make

microwave assisted transitions between them. Our choice of qubit states are the

stretched states |4,�4; 0i and |3,�3; 0i which will be later justified in chapter 5.

Using a technique called “Raman sideband cooling” [41] we are able to initially pre-

pare the state |4,�4; 0i. Figure 2.7 shows a schematic of how Raman sideband

cooling works. Note that there are two magnetic sublevels in the hyperfine ground

manifold, |4,�4i and |3, 3i, that we can use for additional cooling in the lattice.

First, we apply a bias magnetic field along the y direction (lab frame). For weak
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magnetic fields, the Zeeman shift of the hyperfine state |F,mF i can be written as

[25]

�E|F,m
F

i = µBgFmFB (2.10)

where B is the magnetic field along the quantization axis. For the F = 4 atoms

µBgF = 0.35kHz/mG, and for the F = 3 atoms µBgF = �0.35kHz/mG. We chose

the strength of the magnetic field such that �E|4,�3i � �E|4,�4i = µBgFB = ~!osc.

Then, the two states |4,�4; 1i and |3,�3; 0i will be degenerate. Raman transitions

will occur between the two states driven by two photons from the optical lattice, if

the wave-function overlap between the states undergoing the absorption and emis-

sion transitions are non-zero. The strength of this Raman transition (R), can be

calculated from the first o↵-diagonal matrix elements of the light shift operator for

the optical lattice.[66]

R / 1

~!osc
sin� sin ✓

1q
1 +

m2
F

64 cos2 � tan2 ✓
(2.11)

where � is the angle between the cooling direction and the quantization axis (bias

field direction). The Raman transition strength can be controlled with the lattice

angle (✓), and for ✓ = 0 or � = 0 the Raman transition is forbidden.[33] For our

experiments we configure the z�lattice to lin � 16� � lin during Raman sideband

cooling. Secondly, we apply two laser beams counter propagating along the y�axis

for optical pumping. A purely �� polarized (with respect to the bias direction)

F = 4 ! F 0 = 4 beam optically pumps the atoms into the |4,�4i state (dark

state), and a F = 3 ! F 0 = 3 beam with a mixture of �+ and �� polarizations

repumps the atoms that fall into the F = 3 manifold to F = 4. For atoms that are

optically pumped into |4,�4; 0i they can no longer be excited because they are in a

dark state. Atoms that are pumped into |4,�4; 1i have a chance to be transferred

into |4,�3; 0i via Raman transition described above. If the atoms go through this

process, they will most likely be optically pumped into |4,�4; 0i, because the atoms

are in the tightly confined Lamb-Dicke regime [21]. This condition can be written
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Figure 2.8: Optimizing 1D Raman sideband cooling along the z direction via TOF
measurements. (a) TOF signal after Raman sideband cooling. (b) The TOF signal
is used to calculate the temperature of the atoms along the z direction and the total
number of trapped atoms. The temperature is minimized when µBgFB = ~!osc.

as k�z0 ⌧ 1, where k = 2⇡/� and �z0 is the RMS position spread of the vibrational

ground state atomic wavepacket. According to Fermi’s Golden rule (time-dependent

perturbation theory) in the Lamb-Dicke regime, the vibrational state is mostly

conserved during absorption and spontaneous emission processes. In our experiment

the optical pumping and Raman sideband cooling stage is 10ms long.

We discussed in section 2.2 how we can estimate the temperature of the atoms

along the z direction by measuring the width of the TOF signal (�atoms) from the

trapped atoms. Figure 2.8 (a) shows a TOF signal from the atoms after they have

been Raman sideband cooled. Comparing to figure 2.5, the width of the TOF signal

(�atoms) is noticeably smaller, and there is less leaking of atoms out during the time

they are held in the lattice. In figure 2.8 (b) we plot the number of atoms (area of the

TOF signal) and the temperature of the atoms along the z direction as a function of

the bias magnetic field strength. These measurements were typically done to find the
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optimal conditions for Raman sideband cooling, namely µBgFB = ~!osc. At 66.5mG

the temperature of the atoms is minimized indicating that ~!osc = 23.3kHz. For this

particular case, the measurements suggest that the temperature was cooled down to

1.08µK corresponding to qB = 0.356. A few corrections to these measurements are

needed. In the case of imperfect optical pumping the signal from the trapped atoms

in figure 2.8 (a) contains fluorescence from atoms in many magnetic sublevels. All

of these atoms contribute to the estimate of the atom temperature in |4,�4i. The

characteristics of this e↵ect can be seen by a non-Gaussian shaped distribution with

larger wings. The initial size of the atomic cloud before release (�0) also imposes

small corrections to the measured temperature. How we release the atoms must also

be done with caution to prevent adiabatic cooling during release.

We analyze a microwave spectrum of the |4,�4;ni ! |3,�3;n0i transitions for

a more accurate measurement of the temperature of the atoms. This method is

much less prone to errors compared to using equation 2.2. We can also use this

method for temperature measurements along the x and y directions. Note that in

our setup we can only extract temperatures along the z direction with equation 2.2.

For the microwave spectrum we apply a microwave pulse, with a Gaussian amplitude

envelope of 0.5ms RMS width, at the time we want to measure the temperature.

The lattice configuration is set at lin � 45� � lin along the lattice direction to be

measured, in order to allow transitions between di↵erent vibrational states [26]. For

the orthogonal directions, the lattice configurations are set at lin�0��lin in order to

prevent transitions between di↵erent vibrational states. A large bias magnetic field

(µBgFB � ~!osc) is applied to ensure that transitions between magnetic sublevels

other than |4,�4i and |3,�3i are well o↵-resonant. In order to maintain a deep

lattice depth at lin� 45� � lin, the direction of the bias magnetic field is chosen to

be along the 1D lattice direction that we want to measure the vibrational excitation.

Figure 2.9 shows a microwave spectrum after Raman sideband cooling. This

spectrum is taken under the conditions described in the previous paragraph, and
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Figure 2.9: Microwave spectrum of transitions corresponding to �n = 0,±1 in the
z�lattice. The Boltzmann factor (qB) can be calculated with the ratio between
the areas of the blue and red-sideband resonance peaks. For this data we measure
qB ' 2.37 ⇥ 10�4

contains information about the vibrational excitation along z. Schematics of the

relevant transitions for each resonance peak in the spectrum are also shown. The

largest resonance at 590kHz (carrier) corresponds to transitions that do not change

the vibrational state (�n ⌘ n0 � n = 0). The resonance at 563kHz (red-sideband)

corresponds to �n = +1. Symmetrically with respect to the carrier, there should

be a blue-sideband at 617kHz. This transition corresponds to �n = �1, which

does not exist for |4,�4; 0i. We do not see this blue-sideband in the spectrum, i.e.

the peak is below the noise limit of our signal, which suggests that almost all of the

atoms are in the |4,�4; 0i state. More specifically, the area of the blue-sideband

(Ablue) divided by the area of the red-sideband (Ared) is a direct measurement of

qB = Ablue/Ared, assuming that the overlap integrals |h4,�4;n � 1 | 3,�3;ni|2 and

|h4,�4;n | 3,�3;n�1i|2 are equal. In reality these values are di↵erent by ⇠ 3% due

to di↵erences in lattice detuning for F = 4 and F = 3 states. We fit the �n = ±1

resonance peaks in figure 2.9 with skewed Gaussians and based on their areas we
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Figure 2.10: Optimized lattice angle settings for 3D Raman sideband cooling. (a)
Raman coupling strengths along x, y, and z as a function of lattice angle. Note that
we assume the oscillation frequencies are identical for all three directions and fixed
with respect to ✓. In order to match the Raman coupling strengths along the x and
z�lattices, ✓x = 16.9� and ✓z = 16.7�. The y�lattice angle was set for maximum
Raman coupling, ✓y = 55�, which was still 25% lower than that for x and z. (b)
Experimental verification of cooling in the optimized y�lattice angle.

estimate qB ' 2.37 ⇥ 10�4.

2.4.2 3D Raman Sideband Cooling

We can extend this Raman sideband cooling method to 3D after taking some details

into consideration. According to equation 2.11, the Raman coupling strength will

be zero for � = 0. Therefore, the bias field direction, which defines the quantization

axis, must not be along any of the 1D lattice directions. In our experiment, the

angles between the bias field and the x, y, and z�lattices are �x = 81.2�, �y = 17.0�,

and �z = 85.2�, respectively. Due to technical limitations of the setup and special

requirements for the next stage of experiments, we had to compromise and chose a

relatively small �y for the y direction. Figure 2.10 (a) shows calculations of the

relative Raman coupling strengths (equation 2.11) with respect to the lattice angle
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| nz i | nx, ny, nz i
(a) (b)

| 1 i | 0 i

| 2 i | 1 i
| 1, 0, 0 i
| 0, 1, 0 i
| 0, 0, 1 i| 1, 0, 0 i

| 0, 1, 0 i
| 0, 0, 1 i

| 0, 0, 0 i

| 2, 0, 0 i
| 0, 2, 0 i
| 0, 0, 2 i
| 1, 1, 0 i
| 1, 0, 1 i
| 0, 1, 1 i

Figure 2.11: Raman coupled states for (a) 1D and (b) 3D Raman sideband cooling.
Only vibrational quantum states are labeled.

(✓), for the x, y, and z�lattice directions (Rx, Ry, and Rz). It is advantageous to

have equal Raman coupling strengths along all three directions, i.e., Rx = Ry = Rz,

since cooling along all three directions will happen simultaneously. The Raman

coupling strengths for x and z were matched by choosing lattice angles of 16.9� and

16.7�, respectively. However, this Raman coupling strength cannot be matched along

the y direction because of a limited �y. The maximum value of Ry is achieved at a

y�lattice angle (✓y) of 55�. For these lattice angle settings, Ry is 25% smaller than

Rx and Rz. We also confirm experimentally that the Raman sideband cooling along

the y�lattice is most e↵ective at this lattice angle (✓y = 55�). Figure 2.10 (b) shows

microwave spectra with sidebands corresponding to �n = ±1 in the y�lattice. The

blue-sideband is most suppressed when ✓y = 55�.

We also need to match the oscillations frequencies in all directions, in order to

e�ciently perform Raman sideband cooling in all directions. This is achieved by

controlling the intensities of the optical lattice beams. The oscillation frequency can

be accurately measured via microwave spectra, and matched precisely for all three

lattices. Figure 2.11 (a) and (b) depicts the two lowest pairs of Raman coupled

states for 1D and 3D sideband cooling. Only the vibrational quantum states are

labeled. In figure 2.11 (b) we see that the three states |1, 0, 0i, |0, 1, 0i, and |0, 0, 1i
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Figure 2.12: Microwave spectrum of transitions corresponding to �n = 0,±1 in the
z�lattice. 1D: cooling only along z. 2D: cooling along y and z. 3D: cooling along x,
y, and z. The e↵ectiveness of cooling along the z direction degrades as we increase
the dimensionality of cooling.

in mF = 4 need to be concurrently degenerate with |0, 0, 0i in mF = 3. These

degeneracy conditions will be met when the oscillation frequencies along x, y, and

z are identical. For example, if the oscillation frequency of the y�lattice is not

set correctly with respect to the bias magnetic field, and |4,�4; 0, 1, 0i becomes

non-degenerate with |4,�3; 0, 0, 0i, then the Raman coupling along y will be o↵-

resonance and the atoms will not be cooled along the y direction. Note that in this

situation |4,�4; 1, 0, 0i and |4,�4; 0, 0, 1i can still be degenerate with |4,�3; 0, 0, 0i,
and the x and z directions can be cooled without being influenced by the y direction.

Implementing 3D Raman sideband cooling under these conditions seem straight-

forward. However, we encountered great di�culty in obtaining the same perfor-

mance of cooling in 3D as we did in the 1D situation. Figure 2.12 show microwave

spectra of �n = ±1 transitions in the z�lattice. The spectra labeled “1D”, “2D”,

and “3D” are when we cool only in the z direction, in y and z directions, and in all

directions, respectively. As we add the cooling in the y and x directions, we observe
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the cooling in z becomes less e↵ective. The inset plot highlights the blue-sideband.

The area of the blue-sideband increases as the dimensionality of sideband cooling

increases. We believe this to be due to the fact that the x, y, and z�lattices are

not perfectly orthogonal, enabling coupling between the di↵erent lattice directions.

Several rounds of parameter optimization for each 1D lattice provided slightly better

3D cooling.

In order to make 3D Raman sideband cooling less sensitive to small imperfections

of the experiment we implement a 2-stage cooling scheme. These imperfections

include oscillation frequency mismatch between the 1D lattices, anharmonicity of the

trapping potentials, and inhomogeneity of the oscillation frequency across the atomic

sample. We first start Raman sideband cooling with a deep lattice with !osc '
35kHz for 6ms. We then adiabatically transition (for 0.3ms) into a shallower lattice

with !osc ' 20kHz and cool for an additional 4ms. There are two reasons for having

a deep lattice in the beginning of Raman sideband cooling. When initially loading we

want to capture as many atoms as possible with a deep lattice. Also, if we consider

the anharmonicity of the lattice potentials [66], cooling from |4,�4; 2i will be less

e�cient than cooling from |4,�4; 1i, due to a ⇠ 2kHz detuning between |4,�4; 2i
and |4,�3; 1i when |4,�4; 1i and |4,�3; 0i are degenerate. For higher vibrational

states this discrepancy widens even more. Therefore, we start the cooling with

the lowest mean vibrational excitation (n̄) possible. Ending the Raman sideband

cooling with a lower oscillation frequency also has two merits. Oscillation frequency

inaccuracies, which make the degeneracy condition for Raman coupling fail, can be

better controlled for lower oscillation frequencies. This is because the inaccuracies

of the oscillation frequencies typically come from laser intensity errors, which are

proportional to the intensity. Inhomogeneity of the optical lattice beam intensity will

also be smaller for lower intensities, i.e., lower oscillation frequencies. We observed

an 18% decrease in temperature along the z direction, and 9% increase in the number

of atoms in the vibrational ground state using a 2-stage cooling scheme compared
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Figure 2.13: Experimental result of 3D Raman sideband cooling. Microwave spectra
for transitions along (a) x, (b) y, and (c) z. 91.2%(±7%) of the atoms were cooled
into the 3D vibrational ground state |4,�4; 0, 0, 0i

to a 1-stage cooling scheme.

Figure 2.13 show three microwave spectra that were acquired after 3D Ra-

man sideband cooling. All three spectra show very low temperatures along

the corresponding lattice directions. We fit the �n = ±1 resonance peaks

with skewed Gaussians symmetrically positioned with respect to the carrier.

The fitted areas of the blue and red-sideband give Boltzmann factors of qB =

0.0113(±0.0195), 0.0539(±0.0315), and 0.0249(±0.0258) for the x, y, and z direc-

tions. This means that 91.2%(±7%) of the atoms were cooled into the vibrational

ground state in 3D, i.e., |4,�4; 0, 0, 0i.
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CHAPTER 3

BACKGROUND MAGNETIC FIELD NULLING

For all of the experiments in this thesis, we use either the |3,�3i and |4,�4i, or
|3, 3i and |4, 4i states as our qubit states. These states are magnetic field sensitive

“stretched states,” which is an essential attribute for all the techniques we will be

using for resonance imaging and robust addressing. For these techniques we take

advantage of the ability to control the qubit transition frequency with fictitious

magnetic fields, supplied by the interference of two laser beams. However, this

sensitivity to magnetic fields requires that the “real” background magnetic fields

are also well controlled and their fluctuations are su�ciently nulled. Magnetic field

shielding would be di�cult and inconvenient in our setup because we need optical

access to the atoms from more than a 17 di↵erent directions. Also, metal alloys with

high magnetic permeability are typically used for magnetic field shielding, and we

want to avoid having metal near the atoms due to eddy currents that are created

when fields are changing. Alternatively, we synchronize the experiment to the AC

power line so that the components of the background magnetic field fluctuating

at 60Hz (and its harmonics) is reproducible between experimental cycles. These

AC fields are the dominant part of the time-dependent background magnetic field,

which we can now measure in-situ using the atoms as a probe. The measured AC

background field is subsequently cancelled by applying a precisely calibrated and

timed compensation field. Due to the spatial extent of the atomic sample, it is also

necessary to measure and compensate for spatial gradients in the background field.

In practice, field measurement and cancellation is a complex process that takes place

in several stages.

We categorize the background magnetic fields using two criteria. First, its de-
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pendence on position. If the change in background field is insignificant across the

region of the atomic cloud, i.e., homogeneous, we refer to it as a background mag-

netic field o↵set. The background magnetic field can also have spatial dependence

within the atomic sample, which we refer to as having a gradient. The second criteria

is its dependence on time. If the change in background magnetic field is detectable

within a single run of the experiment, from the beginning of optical pumping to the

end of the last microwave pulse, we refer to the magnetic field as dynamic. The

length of this time is typically 15 to 45ms long. Note that we exclude the time

from when we drop the atoms to when we load the atoms into the optical lattice.

During this time the various stages of the experiment are comparatively insensitive

to background magnetic fields and field nulling is therefore not so critical. If the

background magnetic field does not change by a detectable amount during a single

run of the experiment, we refer to the background magnetic field as static.

In this chapter we describe how the background magnetic fields a↵ect our experi-

ment and show several methods for controlling them. We discuss the advantages and

drawbacks of the di↵erent methods for various situations. Particularly, we null the

background magnetic fields with and without a large bias magnetic field. These two

cases require di↵erent techniques for nulling and are important for di↵erent parts

of the experiment. A. Smith et al. have developed a sensitive technique to null the

field based on spin-echo techniques and a time-continuous probe measurement [74].

We use di↵erent methods utilizing the microwave spectrum.

3.1 Sources of Background Magnetic Field

One of the largest contributors of static background magnetic field o↵sets is that

created by solar radiation inducing electrical currents in the ionosphere. Figure

3.1 (a) shows measurements of the background magnetic field made by the Tucson

Geomagnetic Observatory located in Saguaro National Park approximately 14 miles
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(a) (b)

Figure 3.1: Background magnetic field measurement via magnetometer. (a) USGS
data from Tucson Geomagnetic Observatory located in Saguaro National Park. (b)
Laboratory measurement with a fluxgate magnetometer. Horizontal (red) and ver-
tical (blue) components of the field are shown.

west of our laboratory.1 The data was downloaded from the United States Geological

Survey (USGS) website2 and are measurements from November 21st to November

29th of 2011. Note that in the lab frame, the z�axis is vertical and the xy�plane

is horizontal. The change in background magnetic field in the course of a day

is typically < 1mG and is synchronized with the earth’s rotation. The vertical

component is most stable during the night when the sun is on the opposite side of

the earth. Figure 3.1 (b) shows our own measurements of the background magnetic

field at a position ⇠ 4.6m north-east from the setup. The background magnetic field

was measured using a 3-axis fluxgate magnetometer3 placed within a field nulling

cage. The data was collected by averaging ten 60Hz cycles of the magnetic field

every 5 minutes. The data is much more noisy compared to figure 3.1 (a), especially

from 0 to 30 hours. These fluctuations in the field are due to magnetized materials

132.17�N, 110.73�W
2http://geomag.usgs.gov/data/magnetometer/TUC/OneMinute/
3Applied Physics Systems Model 520



44

Figure 3.2: Slow drift of |3, 3i ! |4, 4i transition peak due to magnetizing optical
posts. The transition peak shifted by 6.7kHz corresponding to a magnetic field
change of 2.7mG.

being moved around near the magnetometer, and many electrical systems being

used in the building. There is a quiet period from 30 to 80 hours in figure 3.1 (b)

where additional magnetic field fluctuations other than that from solar radiation

are small. This relatively calm period was during the weekend when the building is

mostly empty of people and various electronics are not turned on and o↵. This data

shows that it is important to keep all electronics, especially those near the setup, at

the same state, e.g., on/o↵, when comparing measurements. We have seen a change

in the magnetic field o↵set by up to 2mG in an 8 hour period.

Power lines and electronics connected to the AC power outlets also create dy-

namic AC magnetic fields that need to be measured and nulled with time scales

below 1ms. The peak-to-peak AC background magnetic field at the position of the

atoms is typically ⇠ 1mG for each direction. This value is significant and needs to

be dealt with in order to conduct imaging and addressing experiments. Nulling this

AC magnetic field will be one of the main topics of this chapter.

Ferromagnetic material near the atoms that slowly magnetize also create back-
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Figure 3.3: CCD image of portions of the atomic cloud selected with a microwave
pulse. Atoms resonant with the microwave pulse are imaged for various microwave
frequencies. Far-right image is a sum of all images to the left. A magnetic field
gradient along the z direction (up in the images) creates an inhomogeneous atomic
sample.

ground magnetic field o↵sets. These materials can be optical posts and metallic

vacuum components that get magnetized by the MOT magnetic field. Figure 3.2

shows the |3, 3i ! |4, 4i transition shift by 6.7kHz = 2.7mG during a 65 minute

period, mostly due to a change in the magnetization of an optical post. The optical

post was demagnetized with a demagnetizer (an AC magnetic field via a solenoid)

before the first measurement at 12:18pm. The MOT magnetic field re-magnetized

the post in just over 1 hour.

Magnetized materials must be located close to the atoms if they are to have an

e↵ect on the magnetic field. This is because the far-field strength of a static mag-

netic dipole falls o↵ as 1/r3 from the source. Also, metallic components positioned

close to the MOT coils are more likely to be magnetized compared to those farther

away. This means that relevant magnetized materials that influence the transition

frequencies are typically positioned in close vicinity of the atoms. Therefore, mag-
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netized materials are most likely to create magnetic field gradients. In our setup,

the largest source of magnetic field gradients comes from the optical table and pre-

dominantly a↵ects the gradient along the z direction. Figure 3.3 shows pictures of

the atomic cloud after a microwave pulse. Only the atoms on-resonant with the

microwave pulse are imaged with an IR (Infrared) CCD (Charge Coupled Device)

camera. As we change the microwave frequency di↵erent portions of the cloud get

imaged due to a magnetic field gradient along the z direction.

When we apply a time-dependent bias magnetic field, unintended magnetic field

errors can occur which can be categorized as dynamic background magnetic fields.

These are magnetic field transients due to electrical circuit bandwidths, and eddy

currents from various metallic material near the coils. Note that any type of con-

ductor will create eddy currents, even non-magnetic materials. AC electrical noise

within the current that drives the coils will also create fluctuations in the background

magnetic fields.

In early 2010 we rebuilt the setup, replacing the metal vacuum chamber with

an all glass cell, primarily for better magnetic field control. All mounting hardware

within ⇠ 20cm of the atoms were custom made with plexiglass, teflon, and nylon

materials. All optical mounts were positioned at least 30cm away from the atoms,

and the distance from the optical table to the atoms was extended by more than

double, from 20cm to 43cm. Removing metallic material close to the atoms sig-

nificantly decreased the amount of eddy currents in the system, and shortened the

magnetic field response times by an order of magnitude. We also inserted a relay

circuit into the MOT coil current supply so that we could apply a current in the

opposite direction for a certain amount of time, at the end of each cycle of the exper-

iment. This enables us to create a pulse of magnetic field in the opposite direction of

which we normally apply. This procedure was implemented in order to demagnetize

anything that was magnetized by the original field. All these e↵orts of upgrading

the setup paid o↵ as background magnetic field gradients were substantially smaller



47

and extremely consistent, therefore much more manageable.

3.2 Nulling Background Magnetic Fields without a Bias Field

We first null the background magnetic field without any bias magnetic fields, which

is primarily done for e�cient optical pumping and Raman sideband cooling. Since

the bias field during Raman sideband cooling is relatively small, 40 to 100mG,

fluctuating background magnetic fields, even along the orthogonal directions, will

negatively impact the e↵ectiveness of the cooling.4 Due to the absence of an applied

field, the remaining background field is more or less arbitrary, which is detrimental

to optical pumping. Therefore, we do not apply the optical pumping beams and

assume that the state is a mixed state of F = 4 atoms after molasses, while we

do measurements on the atoms. We hold the atoms in the optical lattice until the

precise time, with respect to the start of an experimental cycle, we want to measure

the background magnetic field. Note that the start of a cycle of the experiment

is synced to the AC power line. Therefore, every time we run the experiment the

AC background magnetic field will have the same value at a particular time of the

experiment. Immediately after turning o↵ the optical lattice we apply a microwave

pulse (Gaussian amplitude envelope with 0.5ms RMS width) which is used to obtain

a microwave spectrum. In this case, the microwave spectrum is a measurement of the

total population transferred to the F=3 manifold, as a function of the microwave

frequency. The pulse area is less than a ⇡�pulse for all transitions within the

spectrum. With the information obtained with the microwave spectra we estimate

the magnitude of the background magnetic field. We can then null the background

magnetic fields close to zero during the most sensitive periods of the experiment by

canceling the measured field with magnetic field coils.

4It is important for the bias field direction during this time to be very well defined, since the

magnetic field has to be parallel to the quantization axis with respect to which we do our optical

pumping.
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Figure 3.4: Schematic of magnetic field coils. All coils are square and are controlled
in pairs to manipulate the magnetic field along one of the major axes. The large
sets of coils with 61cm sides are the “static nulling coils” which can apply constant
magnetic field o↵sets and gradients. The smaller sets of coils that have 18cm sides
and 3 loops per coil are the “dynamic nulling coils.” They can apply precise and
accurate time-dependent field o↵sets. Another set of coils with the same geometry
as the dynamic nulling coils, but has 6 loops per coil instead of 3 loops, are the “bias
coils.” They can supply bias magnetic fields of > 700mG.

There are three sets of magnetic field coils in our setup. The geometry of the

coils are shown in figure 3.4. Each individual coil is square shaped. The “static

nulling coils” are the coils with the largest (62cm) sides and are designed to null the

static background magnetic fields, both o↵sets and gradients. Two coils, containing

150 loops each, pair up to apply a controlled field along each of the major axes.

Although the separation of the coils is not exactly a Helmholtz configuration, the

field is quite homogeneous with less than 0.01% variation across the atomic cloud

when equal amounts of current are supplied to the paired coils.5 Each coil in a

pair has independent current control, thus having the ability to also apply static

magnetic field gradients.

The “bias coils” have 18cm sides and 6 loops for each individual coil. Two coils

along one of the major axes are separated by an optimized distance (9.7cm) for

5MATLAB program: CalcField BG Coils.m
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Helmholtz configuration. The two coils are connected in series such that they never

accidentally apply gradient magnetic fields to the atoms. These coils provide precise

bias magnetic fields in 3D. There is another set of coils, the “dynamic nulling coils,”

which have the same geometry as the bias coils but with only 3 loops for each of the

6 coils. These coils have the capability to apply small yet precise magnetic fields,

which are ideal for nulling nulling dynamic o↵sets in the background magnetic field.

Figures 3.5 (a)�(d) show examples of spectra, measured via the time-of-flight

signal, for various background magnetic field o↵sets. When there is a background

magnetic field o↵set the magnetic sub-levels undergo energy shifts due to the Zeeman

e↵ect as in equation 2.10. We observe 15 transition peaks corresponding to the

transitions shown in figure 3.5 (e). The peaks are equidistant, separated by an

amount dependent on the magnitude of the magnetic field (0.35kHz/mG). The

heights of the 15 peaks depend on the direction of the background field with respect

to the microwave polarization, and the initial population distribution of the F = 4

hyperfine states. In the center we have the clock transition (9, 192, 631, 770Hz)

labeled as c in figures 3.5 (a) and (e). The transition peak neighboring to the right

of the clock transition is labeled � and represents the transitions, |4, 1i ! |3, 0i
and |4, 0i ! |3, 1i, in figure 3.5 (e). As the background magnetic field o↵set is

reduced the distances between the peaks will decrease and we resolve only 8 peaks

in figure 3.5 (b). For even lower background magnetic field o↵sets (figure 3.5 (c))

the peaks start to merge into one large peak. The width of this peak is an indicator

of the magnitude of the background magnetic field. When we null the background

magnetic field o↵sets perfectly, all transitions will have identical frequencies as shown

in figure 3.5 (f). The 15 peaks will fully merge and the height of the single peak at

the clock frequency will rapidly increase (15 times the average height of the peaks

in (a)). We can estimate the background magnetic field o↵set using equation D.5

by calculating the variance in frequency of the microwave spectra from the clock

transition frequency. Detailed description of the estimation procedure is given in
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Figure 3.5: Microwave spectra of randomly populated mixed state after molasses.
(a)�(d) are microwave spectra with background magnetic fields of 3.63, 2.30, 0.78,
and 0.13mG. (e) and (f) show the microwave transitions in the 62S1/2 ground state
of cesium, with and without Zeeman energy shifts due to a magnetic field. The red
and blue transitions in (e) labeled as c and � correspond to the identically labeled
peaks in (a). c is the clock transition.
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the appendix D. This method can be used when all transition peaks are unresolved

such as 3.5 (c) and (d). However, this method only measures the magnitude of the

background field and does not give any information about its direction.

3.2.1 Background Magnetic Field Nulling via Amplitude Measurement of Reso-

nances in Microwave Spectra

We can null the background field at a given time of the experiment by maximizing

the amplitude of the microwave spectrum at the clock transition frequency. Instead

of measuring the entire spectrum, we measure only the atoms transferred into the

F = 3 manifold by a microwave pulse tuned to the clock transition frequency. This

resonance signal is measured as a function of the currents in the nulling coils. First,

we null the background magnetic field o↵set in 3D. This is done in several steps

starting with finding the optimal nulling condition in 2D. Figure 3.6 (a) shows a 2D

plot of this signal at the clock frequency. The two parameters of the plot are the

current values through the X2 and Y2 coils of the static nulling coils in figure 3.4.

We raster scan the values of the two parameters and plot the integrated fluorescence

signal obtained via time-of-flight for each set of parameters. Note that we change the

current through X2 while leaving X1 constant, therefore we are adding an o↵set to

the magnetic field as well as creating a magnetic field gradient. However, the signal

that we measure (resonance signal at the clock frequency) is much more sensitive to

the change in o↵set, while being relatively una↵ected by the change in the gradient.

This is due to the fact that the extent of the atomic cloud is only ⇠ 1mm (1/e

diameter), so the change in inhomogeneity across the cloud will be small for modest

changes in X2. This is also true for the current in Y1 and Y2 coils. For the change in

the current values for X2 and Y2 shown in figure 3.6 (a), we can assume that only the

x and y magnetic field o↵sets are being changed. Figure 3.6 (a) shows the optimal

nulling condition for the currents through X2 and Y2 which is where the signal is the

highest (red). This optimized point corresponds to the situation in figure 3.5 (d).
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Figure 3.6: Plots of the resonance signal at the clock frequency for nulling the
background magnetic field o↵set and gradient. (a) The two parameters for the plot
are the currents supplied to the X2 and Y2 coils of the static nulling coils. Highest
signal (red) indicates the optimal setting for nulling the background magnetic field
o↵set. (b) Y1 and Y2 coils of the static nulling coils are the parameters for the
plot. Highest signal (red) indicates the optimal setting for nulling the background
magnetic field gradient.

Ideally, we can now fix the x and y field o↵sets to the optimized values and find the

optimal value for z. However, due to slight coupling between the x, y, and z fields

when we apply current through the static nulling coils, we subsequently null the

magnetic field o↵sets for the (x, z), and (y, z) combinations for better optimization.

We can also null the background magnetic field gradient using a very similar

technique. This procedure also requires taking a 2D plot of the resonance signal

at the clock frequency. The two parameters are now the separate currents through

the coils associated with a single axis. Ideally, by varying the ratio of the current

through these coils while keeping the total amount of current through both coils

constant, we can change the magnetic field gradient without changing the field

o↵set. Figure 3.6 (b) shows a plot for nulling the gradient field along y where the

two parameters are Y1 and Y2. The condition for constant field o↵set is met on the

diagonal in figure 3.6 (b). However, since the atoms are not exactly positioned at the
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Figure 3.7: Measuring the magnitude of the background magnetic field via mi-
crowave spectra. No dynamic nulling applied. (a) Microwave spectra for various
times in the experiment. Smaller frequency variances of the spectra indicate smaller
background magnetic fields. (b) Calculated background magnetic field as a function
of time using the microwave spectra.

center of the static nulling coils, the condition for constant o↵set can slightly drift

o↵ the diagonal. Thus, we scan not only on the diagonal, but across a certain width

near the diagonal. The highest signal indicates the optimized condition for nulling

the background magnetic field gradient. While we have several ways of nulling the

magnetic field o↵set (they will be described below), this is the only method we use

for nulling the magnetic field gradient. Note that the field o↵set must be nulled in

all three directions before nulling the field gradient.

We can e↵ectively null the background magnetic field o↵set and gradient at any

given time during our experimental sequence using the methods described above.

However, there are time-dependent components to the background magnetic field

that must also be nulled. As discussed in section 3.1, these dynamic fields are

predominantly field o↵sets in our setup. The time-dependent field gradients are

negligible in our experiment since all sources of time-dependent fields are relatively
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far from the atoms. In order to measure the time-dependence of the magnetic field

o↵set we obtain spectra such as that in figure 3.5 at di↵erent times of the experiment.

Figure 3.7 (a) shows such data, where at 2ms the spectra has the smallest frequency

variance which implies that the field at that time is closest to being nulled. We use

the frequency variance of the spectra to calculate the background magnetic field,

which is plotted in figure 3.7 (b). According to the data, the magnitude of the

background magnetic field changes by ⇠ 1mG during 32ms of the experiment.

This measurement alone does not give enough information, i.e., the direction of the

background field, to null the time-dependent field. We could null the fields using the

technique shown in figure 3.6 (a) for each time step. However, this type of procedure

will be impractical since the whole nulling process will take several hours.

3.2.2 Background Magnetic Field Nulling via Frequency Measurement of Reso-

nances in Microwave Spectra

Another method that we use to null the background magnetic field o↵set is by mea-

suring the transition frequency of the |4, 1i ! |3, 0i and |4, 0i ! |3, 1i transitions

(the transitions labeled � in figure 3.5) for various applied fields. We find the value

of the applied field that overlaps the � transition with the clock transition, which

indicates that the magnetic field is nulled. The reason we use the � transition is

because it is the easiest to distinguish with respect to the clock transition and typ-

ically has one of the highest resonance signals. Transitions farther away from the

clock transition, e.g. |4, 4i ! |3, 3i are more sensitive to the background magnetic

field, but are more di�cult to locate. There are many advantages to this method

compared to the one introduced above. First, the three orthogonal fields can be

independently nulled. Also, the time it takes to null the time-dependent field o↵set

in 3D is relatively fast, taking only 10 to 15 minutes for each point in time. This

time is significantly (more than an order of magnitude) shorter compared to the

time need for the method described in section 3.2.1. However, one should note that
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the magnetic field gradient cannot be nulled with this method.

We apply a magnetic field o↵set along one of the major axes with either the

static nulling coils or the dynamic nulling coils. We then get a microwave spectrum

only in the vicinity of where we anticipate the � transition will be, which is typically

very close to the clock transition. We fit the resonance peak of the � transition with

a Gaussian and use the center of the fit as its transition frequency. We plot the

transition frequency of the � transition for a few values of the applied field o↵set,

such as that shown in figure 3.8. Assuming that the x, y, and z fields are orthogonal,

i.e., Btotal =
p

B2
x +B2

y +B2
z , we can fit the data points to the equation

⌫�(I) = C̃
q

(I � I0)2 + �I2? + ⌫clock (3.1)

where ⌫� is the transition frequency of the � transition, and ⌫clock is the clock

frequency. ⌫� � ⌫clock is linearly proportional to the magnetic field o↵set by

0.35kHz/mG. The current through the coils that change the field o↵set along

the direction to be nulled is I. The current for nulling the magnetic field along the

direction of interest is I0, while �I? is a value with units of current, proportional to

the deviation from perfect field nulling along the orthogonal directions. The cali-

bration factor of the magnetic field that is applied to the atoms with respect to the

current supplied to the coils is C̃, which has units of [kHz/mA].

In figure 3.8 we sequentially nulled the field o↵set in each direction using the

static nulling coils, in the order x, y and z. The solid lines are fits of the data

to equation 3.1, where the fit parameters were C̃, I0, and �I?. Figure 3.8 (a) was

the first set of data measured. The nulling condition for the field along x is at the

minimum of the fit, when the current through the X1 coils is I0 = �4.14mA. Even

if we set the current to this value (I0) the � transition frequency will not reach

the clock frequency (⌫clock) due to background magnetic field o↵sets in the y and

z directions (�I?). After setting the current through X1 to �4.14mA, we measure

⌫� with respect to the current through Y2, which is shown in figure 3.8 (b). The
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(a) (b) (c)

DC Nulling Coil Current X1 [mA] DC Nulling Coil Current Y2 [mA] DC Nulling Coil Current Z1 [mA]

Figure 3.8: Transition frequency of the � transition as a function of applied magnetic
field o↵set along x, y, and z. Solid lines are fits to the equation 3.1.

fit shows that the current through Y2 should be set at �22.75mA for the best field

nulling along the y direction. At this optimal current setting for Y2 in figure 3.8 (b),

the � transition frequency is closer to the clock transition by 0.14kHz compared to

the optimally nulled situation in figure 3.8 (a), according to the fits. This shows

that the field o↵set along y was nulled by 0.14kHz during this process, and we are

only left with background field o↵sets along z. We finish the process by plotting ⌫�

against the current through Z1 (figure 3.8 (c)). Now we can set the current through

Z1 to 163.82mA for the � transition frequency to merge with the clock transition

frequency. This process of �I? continuously decreasing for each step and finally

vanishing in a single sequence, shows that the fields we apply along the x, y, and z

directions are independent.

We use this method to measure the background magnetic field in 3D for many

points in time during the experiment. Figure 3.9 shows the measured background

fields along x, y, and z using this method. We compare these measurements to

measurements done with a flux gate magnetometer, which show slightly di↵erent
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(a) (b) (c)

Figure 3.9: Time-dependent magnetic field measurement using the atomic transi-
tions (red) and the magnetometer (blue).

measurements. The atomic measurements are more credible than the magnetome-

ter measurements due to the limited bandwidth (250Hz cuto↵ frequency) of the

magnetometer. Also, note that the magnetometer probe cannot be placed exactly

where the atoms are positioned within the vacuum cell.

We supply current to the dynamic nulling coils such that the applied field cancels

the measured time-dependent background magnetic field. Estimating the magnitude

of the background magnetic field with the microwave spectra (figure 3.10), we see

that the dynamic field o↵set has been significantly reduced compared to figure 3.7.

The magnitude of the background field in 3D changes only by 200µG throughout

32ms of the experiment.

3.3 Nulling the Background Magnetic Field in the Presence of a Bias Field

In this section we describe how we null the background magnetic field in the presence

of a large bias magnetic field. The bias fields are applied after the optical pumping

and Raman sideband cooling stages of the experiment. We assume that magnetic

field gradient are not created due to the bias magnetic field. We typically apply
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Figure 3.10: Measuring the magnitude of the background magnetic field via mi-
crowave spectra. Dynamic nulling using the measurements of the � transition
frequency was applied. (a) Microwave spectra for various times. (b) Calculated
background magnetic field as a function of time.

bias fields of 150kHz to 250kHz in Larmor frequency, or equivalently 429mG to

714mG. Small background magnetic fields that are orthogonal to the bias direction

have negligible influence, since they add in quadrature. The background magnetic

field along the bias direction must be considered for nulling. If we assume that the

applied bias field has no errors, and there are no eddy currents that e↵ect the field

at the atoms, then no additional field nulling is needed after nulling the background

fields without the bias field. However, due to various imperfections discussed in

section 3.1, we need a separate protocol to compensate for errors in the magnetic

field when we apply a bias field.

For these measurements, we optically pump the atoms into the |4,�4i state

and search for the transition between the stretched states |4,�4i ! |3,�3i, in

order to measure the field magnitude in the presence of the bias magnetic field.

Compared to using the � transition of section 3.2.2 the transition frequency is 7 times

more sensitive to changes in the magnetic field. We plot the transition frequency,



59

(a) (b)

Figure 3.11: Stretched state transition frequency as a function of time in the pres-
ence of a large bias field. (a) Setup before 2010 upgrade. Transition frequency
between |3, 3i and |4, 4i (b) Current setup. Transition frequency between |3,�3i
and |4,�4i. Blue data shows a measurement of the transition frequency after ap-
plying a compensating field for nulling.

measured as the center of the Gaussian fit of the resonance peak, as a function of

time. These plots reflect the time-dependent magnitude of the magnetic field at the

position of the atoms.

Figure 3.11 (a) is data taken before we upgraded the setup in 2010. The plot

shows the change in transition frequency between the stretched states, |3, 3i and

|4, 4i, as a function of time. The microwave transition frequency increases by

2.45kHz/mG for larger magnetic field amplitudes. The slow rise of the magnetic

field is due to electrical transients and eddy currents. Figure 3.11 (b) is data taken

with our current setup, which plots the transition frequency between the |4,�4i and
|3,�3i states. For this choice of stretched state the transition frequency decreases

as the magnetic field increases by 2.45kHz/mG. Hence, the transition frequency

stabilizes to lower frequencies, which is opposite from figure 3.11 (a). The stabi-

lization time decreased substantially from ⇠ 20ms for figure 3.11 (a) to ⇠ 5ms for
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figure 3.11 (b). The amount of change the magnetic field undergos during this time

also decreased from ⇠ 11kHz(4.5mG) to ⇠ 6kHz(2.5mG). In figure 3.11 (b) we

also observe AC magnetic field fluctuations of 60Hz harmonics because of better

time resolution (0.5ms) of the data. We applied a time-dependent magnetic field

with the dynamic nulling coils along the bias field direction in order to compensate

for the measured field fluctuations (red data) in figure 3.11 (b). The blue data in

figure 3.11 (b) is the measured magnetic field after the dynamic nulling was applied.

The standard deviation of the nulled field is 46.7Hz or 19.1µG, which is one of

the best nulling performances we observed. This level of nulling requires a lot of

e↵ort and was done only for a select number of high quality data. Typically, we

had magnetic field fluctuations of 25µG to 40µG RMS after dynamic nulling. Using

this technique for nulling the field fluctuations in the presence of a bias magnetic

field is most crucial for obtaining sub-wavelength resonance images, which will be

described in chapter 5.
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CHAPTER 4

LATTICE SITE RESOLVED ADDRESSING OF QUBITS IN 1D WITH A

SUPERLATTICE

In order to apply a position dependent light shift potential, we employ a spatially

long period superlattice, which is conceptually shown in figure 4.1. In figure 4.1 (a),

the blue and green arrows indicate the trapping lattice beams and the superlattice

beams, respectively. The atoms are trapped by the 3D optical lattice, while a long

period superlattice is overlaid on the trapped atoms. The interference pattern cre-

ated by the superlattice, depicted in figure 4.1 (b), will shift the transition energies

of the atomic qubits by an amount depending on its position along the x direc-

tion (figure 4.1 (c)). Addressing in frequency will then translate into addressing in

position along the x direction. With this idea we can address atoms in 1D with

sub-wavelength resolution.

In this chapter, we describe how we set up and configure the superlattice. First,

we go through the process of calculating the light shift potentials created by the su-

perlattice. Our choice of bias magnetic field (along the z direction) and polarization

configuration (linear and perpendicular) is explained. Second, we discuss how other

parameters of the superlattice a↵ect the superlattice potential. Undesired e↵ects to

consider, such as excitation into higher vibrational energy levels, are studied. Third,

we explain microwave spectroscopy of the atomic transitions, when a superlattice is

applied to the trapped atoms. Finally, we describe our method for displacing the

superlattice, and we analyze the performance.

From here on, the optical lattice creating the trapping potential for the atoms will

be identified as the “trapping optical lattice, ” which should be clearly distinguished

from the superlattice.
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Figure 4.1: Schematic and conceptual illustration of superlattice. (a) Blue arrows
indicate the 3D trapping lattice beams and the green arrows indicate the super-
lattice beams. The frequency shifts from the Ti;Sa laser (MBR-110) output are
+70MHz, �70MHz, �80MHz, and +80MHz for the x, y, z�lattice, and super-
lattice, respectively. (b) 2D illustration of superlattice beams interfering at atomic
cloud. Optical lattice beams are not shown for simplicity. (c) Position (x-lattice
site) dependent transition energy for a subset (black box in (b)) of atoms.

4.1 Superlattice Configuration

The laser power for the superlattice beams originate from the same source as the

trapping lattice beams, which is the output from an ultra-stable tunable CW Ti;Sa

ring laser (Coherent MBR-110) pumped by a 12W solid state green laser (Coherent

Verdi V12). The output from the MBR-110 is typically 1.8W to 2.4W , and is

blue detuned 140GHz from the D2 F = 4 ! F 0 = 5 transition. The frequency

of the superlattice is shifted +80MHz via an AOM from the MBR-110 output

frequency. The superlattice is independent from all trapping lattice beams, since the

frequency is at least 10MHz detuned from any other lattice beam (see section 2.3).

Approximately 200mW of light is fed into a single mode polarization maintaining

optical fiber1 with an output power of ⇠ 160mW . The beam is split into two beams

of equal power via a polarization beam splitter (PBS) cube. The two beams of RMS

1OZoptics, 5/125µ, f = 11mm input coupling, f = 20mm output coupling
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width � = 1.144mm then converge at the center of the atom cloud creating the

superlattice.

There are three main parameters of the superlattice beam that need to be ad-

dressed for an optimal outcome. First, the angle between the two superlattice beams

determines the period of the superlattice. Second, the polarization of the two su-

perlattice beams will determine the magnitude and sign of the di↵erential light shift

between the two qubit states. Finally, the intensity of the superlattice beams can

be manipulated to control the spatial gradient of the di↵erential light shift. Various

trade-o↵s for each configuration need to be understood in order to choose a desired

alignment that can address atoms with better than single site resolution.

4.1.1 Calculating Superlattice Potentials

For quantitative numerical calculations of the superlattice potential, the electric

fields of the superlattice beams are modeled. Note that parameters for these calcu-

lations can be chosen such that they account for the case of linearly polarized counter

propagating beams, i.e., the trapping lattice. Throughout this chapter we will fol-

low the treatment for deriving the optical potentials shown in the review paper by

Brennen [11]. We start by writing an expression for the 1D light shift potential of

the superlattice in terms of the electric-field components in the atomic basis. We

then express the total electric-field of arbitrarily polarized superlattice beams as the

electric-field components in the atomic basis via a two step process. The first step is

to rewrite the electric-fields described with Jones vectors in a frame where the super-

lattice beams are symmetrically positioned with respect to the z0�axis. The second

step is to change to frame once more to take into account an arbitrary quantization

axis direction. Later we find that having linear and perpendicular polarizations for

the two superlattice beams and a quantization axis along the z0�direction gives the

optimal condition for resonance imaging and addressing.

In our experiment the energy potential for the cold atoms can be defined by their
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interaction with the trapping lattice field, superlattice field, and the bias magnetic

field.

Û(~r) = ÛTL(~r) + ÛSL(x) � µ̂ · ~B (4.1)

The optical potential created by the 3D trapping optical lattice is ÛTL(~r), and the

optical potential created by the 1D superlattice along the x direction is ÛSL(x). The

magnetic dipole operator is µ̂, and ~B is the bias magnetic field. The trapping lattice

and superlattice optical potentials can be written as independent terms, because of

the laser frequency di↵erences of > 10MHz. Furthermore, each 1D trapping lattice

can also be written as independent terms such that

ÛTL(~r) = ÛX�Lattice(x) + ÛY�Lattice(y) + ÛZ�Lattice(z) (4.2)

where ÛX�Lattice, ÛY�Lattice, and ÛZ�Lattice are the optical potentials corresponding

to the trapping lattices along x, y, and z. The term containing the magnetic field,

µ̂ · ~B, only serves as breaking the degeneracy of the hyperfine ground states via

Zeeman splitting. This enables us to isolate the two qubit states, |4,�4i and |3,�3i,
by making all other magnetic sublevels o↵-resonant. (see section 2.4.1) Since we only

address along the x direction, the terms of interest are only the optical potential

components dependent on x, i.e., ÛX�Lattice(x) and ÛSL(x). We can reduce the

3D system with 16 states (F = 3 and F = 4 ground states of Cesium 6S1/2)

to a 1D qubit (2 state) system. Calculations for the trapping lattices have been

rigorously discussed by many sources from various publications [19, 20, 33] to past

theses [32, 35, 66] of previous group members. Here we focus on the term for the

superlattice potential ÛSL(x). Assuming monochromatic low intensity fields in the

far-o↵-resonance limit, the 1D light shift potential of the superlattice, for atoms in

the hyperfine ground state |3,mF i can be written as (see appendix A)

U3,m
F

(x) = U1
3

⇣8 � mF

12
|e+1(x)|2 +

8 +mF

12
|e�1(x)|2 +

2

3
|e0(x)|2

⌘
. (4.3)

where e0 and e±1 are the normalized electric-field components in the atomic basis

driving the ⇡ (�mF = 0) transitions and the �± (�mF = ±1) transitions, respec-
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Figure 4.2: Schematic for superlattice polarization axes.

tively. The single beam light shift U1
3 can be calculated using the intensity I of

a single superlattice beam and the detuning �340 of the electromagnetic field from

F = 3 ! F 0 = 4 resonance as

U1
3 =

~�
8

I/Isat
�340/�

(4.4)

where � = 2⇡ · 5.2MHz is the natural linewidth, and Isat =
~�!3

12⇡c2 = 1.1mW/cm2

is the saturation intensity for unit oscillator strength. Note that these values are

calculated for only the D2 transition, since all other transitions are relatively much

farther from resonance.

The light shift potential for atoms in |4,mF i can also be written as

U4,m
F

(x) = U1
4

⇣8 +mF

12
|e+1(x)|2 +

8 � mF

12
|e�1(x)|2 +

2

3
|e0(x)|2

⌘
(4.5)

where we can use equation 2.5 to calculate the single beam light shift for F = 4

atoms.
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In order to use these equations we must find the normalized components of the

total electric field in the spherical basis defined with respect to the quantization axis.

The superlattice beams can intersect at arbitrary angles and have a quantization

axis in any direction. A constraint that we impose to the calculations is that the

two beams must have the same intensity. We also assume plane waves for each

superlattice beam which we denote as beam 1 and beam 2. Therefore, we can use

Jones vectors to describe the polarizations of the two beams in a plane perpendicular

to the wave vectors ~k1,~k2 (or propagation directions), respectively. Figure 4.2 shows

a schematic of the axes chosen for the two beams. The propagation directions of the

two beams are symmetric with respect to the z0�axis and are contained within the

x0z0�plane. The angle between the two beams is ⌘. We define two separate planes,

the x00
1y

00
1�plane and the x00

2y
00
2�plane, for the two Jones vectors which we denote by

their axes. The two Jones vectors for each beam are

~J1 =

0

@ ✏001,x

✏001,y

1

A , ~J2 =

0

@ ✏002,x

✏002,y

1

A . (4.6)

We calculate the components of the polarization vector for each beam in terms of

the x0y0z0 coordinates using rotation matrices about the y0�axis by angles ⌘/2 and

�⌘/2 for beam 1 and beam 2, respectively. The polarization vector components can

then be written as

~✏1
0 =

0

BB@

cos ⌘
2 0 sin ⌘

2

0 1 0

� sin ⌘
2 0 cos ⌘

2

1

CCA

0

BB@

✏001,x

✏001,y

0

1

CCA =

0

BB@

✏001,x cos
⌘
2

✏001,y

�✏001,x sin ⌘
2

1

CCA (4.7)

~✏2
0 =

0

BB@

cos (�⌘
2) 0 sin (�⌘

2)

0 1 0

� sin (�⌘
2) 0 cos (�⌘

2)

1

CCA

0

BB@

✏002,x

✏002,y

0

1

CCA =

0

BB@
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We calculate the normalized fields of the two beams, ~✏1
0 and ~✏2

0, and insert them



67

into the total field

~✏ 0 = ~✏1
0 exp

⇣
i~k1 · ~r + '1

⌘
+ ~✏2

0 exp
⇣

� i~k2 · ~r + '2

⌘
(4.9)

Here ~k1 ·~r = kxx+kzz and ~k2 ·~r = �kxx+kzz, where kx = |~k| sin ⌘
2 and kz = |~k| cos ⌘

2 .

'1, and '2 are the phase o↵sets of the two beams. The identical components of ~k1

and ~k2 along the z0 direction can be factored out as an overall phase. This phase will

not contribute to the superlattice potential calculation since we will take the norm

squared of the field components when using equation 4.3 and 4.5. For simplicity we

only keep the standing wave component along the x0 direction.

~✏ 0 = ~✏1
0 exp

⇣
ikxx+ '1

⌘
+ ~✏2

0 exp
⇣

� ikxx+ '2

⌘
(4.10)

Note that ~✏0 is no longer normalized due to the fact that we have added the compo-

nents for two fields. Leaving these components not normalized lets us calculate the

single beam light shifts (equation 4.4 and 2.5) using the parameters of a “single”

superlattice beam when inserting into equation 4.3 and 4.5.

We change our coordinates once again to align to the atomic frame, i.e., the

quantization axis, to be along the z�axis. Two rotations, e.g., the first two Euler

rotations, can achieve this, which is shown in figure 4.3. First, we rotate about

the z0�axis by an angle �, and then rotate about the x̃�axis by an angle ⇣. The

interference field components ~✏ can be expressed in the atomic frame as

~✏ = RX̃(⇣)RZ0(�)~✏ 0 (4.11)

where

RZ0(�) =

0

BB@

cos (��) � sin (��) 0

sin (��) cos (��) 0

0 0 1

1

CCA (4.12)

RX̃(⇣) =

0

BB@

1 0 0

0 cos (�⇣) � sin (�⇣)
0 sin (�⇣) cos (�⇣)

1

CCA (4.13)
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Figure 4.3: Changing from lab frame to atomic frame.

are the rotation matrices. Next, we convert ~✏ into the spherical basis using equations

A.2 to obtain the field values eq (q = ±1, 0)

0

BB@

e+1

e�1

e0

1

CCA = ⇠ ~✏ (4.14)

where

⇠ =

0

BB@

� 1p
2

� ip
2

0
1p
2

� ip
2

0

0 0 1

1

CCA (4.15)

is the basis transformation matrix. Finally, we can use the norm square of these

values for the equations 4.3 and 4.5. For actual experimental values the potential was

numerically calculated2. Position dependent scattering rates can also be calculated

2MATLAB program: /20100824 SuperLatt Potential/CalcSupLattPot Modified.m
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using the expressions

�3,m
F

(x) =
U3,m

F

(x)�

~�340
, �4,m

F

(x) =
U4,m

F

(x)�

~�450
(4.16)

for F = 3 and F = 4 atoms, respectively.

4.1.2 Superlattice Angle

The angle between the two superlattice beams, ⌘, determines the period of the

interference (light shift) created by the superlattice. To calculate the period of the

interference pattern we are interested in the interferences of identical polarization

components for the terms, ~✏1 0 and ~✏2
0, described in equation 4.10. Using this

equation, the total intensity I(x) can be found to be proportional to

~E(x) ⇠ eikxx + e�ik
x

x ⇠ sin (kxx)

I(x) ⇠ | sin (kxx)|2 ⇠ 1 � sin (2kxx)
(4.17)

Thus, the spatial period of the superlattice intensity pattern, ⇤SL, is

⇤SL =
�

2 sin (⌘2)
=

⇤TL

sin (⌘2)
(4.18)

where ⇤TL = �
2 is the trapping lattice period, and we have taken into account

kx = 2⇡
� sin (⌘2). As we increase the superlattice angle ⌘ the spatial period ⇤SL

decreases. For small angles ⇤SL ⇡ 2⇤TL/⌘.

There are four problems to consider when choosing the best superlattice angle ⌘

for a particular experiment. First, there is the range of the number of lattice sites

that can be accessed for imaging and addressing. We image and address atoms in the

lattice by displacing the superlattice in the x direction. This is done by changing the

relative phase (�' = '1�'2) of the two superlattice beams. The process in which we

achieve this will be described in section 4.4. For a fixed amount of phase change, the

change in displacement of the superlattice will scale linearly with ⇤SL. Therefore,

smaller ⌘ is advantageous due to larger range of accessible lattice sites. Secondly,
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Figure 4.4: Superlattice spatial period.

there is the issue of preciseness of the superlattice beam displacement. Errors in the

phase of the two beams will occur due to mirror vibration, fluctuating air currents

along the beam paths, and fluctuations of the phase retarders (electrical noise in

the Pockels cells). These phase errors will translate into superlattice displacement

errors, and by the same mechanism as for the first case, the superlattice position

becomes less precise. This error will scale linearly with ⇤SL, thus, it is favorable to

have larger ⌘. Third, the number of atoms contributing to the signal will depend on

the angle ⌘. Since we are preparing, imaging, and addressing atoms in a periodic

fashion along only one dimension with the superlattice, we are in fact detecting

many planes of atoms within the 3D structure. We can also describe the periodic

system as having many “domains” of atoms. Having a finite atomic cloud size that

we load into the lattice makes the number of atoms being addressed proportional

to the number of domains, i.e., DAtomCloud/⇤SL, where DAtomCloud is the diameter

of the atom cloud. Here we assume that the microwave pulse scales accordingly to

address the same distribution width of atomic positions for di↵erent ⌘. In order
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to address a larger number of atoms, we would want larger ⌘ for more domains

(periodic planes) within the atomic cloud. Finally, the maximum spatial gradient

of the superlattice di↵erential light shift which is defined as

��U(x)

�x

����
max

(4.19)

determines the resolution limit of the imaging and addressing, where

�U(x) ⌘ U4,m4(x) � U3,m3(x) (4.20)

is the di↵erential light shift. The larger the slope the better the resolution we can

achieve. However, this spatial gradient should not be arbitrarily increased because

as the gradient increases the perturbations to the trapping lattices shifts the |3,m3i
trapping lattice site positions relative to that for |4,m4i. This o↵set in lattice site

position will enable microwave transitions between trapped states with di↵erent

vibrational quantum numbers n, which can lead to adverse e↵ects in the resonance

imaging and addressing. This topic will be discussed in more detail in section 4.2.

Note that the spatial gradient is also dependent on the polarization and intensity

of the superlattice beams along with the bias magnetic field direction.

Another aspect that might be of consideration is how accurately ⇤SL can be

controlled. If an experiment required the trapping lattice and the superlattice to be

commensurate, i.e., ⇤SL/⇤TL is an integer number, then precise and accurate control

of ⇤SL becomes an important subject. This turns out to be more challenging as ⌘

decreases, which is shown in the derivative of ⇤SL as a function of ⌘.
����
d⇤SL

d⌘

���� = ⇤TL
cos (⌘/2)

2 sin2 (⌘/2)
(4.21)

where 0� < ⌘ < 180�. Figure 4.5 shows values of ⇤SL and
���d⇤SL

d⌘

��� as a function of ⌘

from 1� to 10�

A lose analogy can be made between the superlattice angle and the numerical

aperture (NA) for a conventional microscope. The resolution of a conventional
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Figure 4.5: Superlattice period and its derivative vs superlattice angle. We work
with ⌘ = 1.74� indicated by the dashed line.

optical system is proportional to �/NA where NA = sin ✓0/2 and ✓0 is the focusing

half angle of the optical imaging system. This expression can be directly compared

to equation 4.18. As ✓0 is increased, the resolution is enhanced while the field of

view decreases. Similarly, as the superlattice angle ⌘ increases the resolvability of the

resonance based addressing increases while the domain size, i.e., range of accessible

lattice sites, decreases. This is because the amount of superlattice displacement for

a given phase shift �' is proportional to ⇤SL ⇠ 1/ sin (⌘/2). Also, the resolution

increases proportional to the wavelength � for both the superlattice based resonance

imaging and conventional microscope imaging.

For our experiments, the superlattice angle was geometrically measured to be

⌘ = 1.74�. Therefore, we have 65.9 trapping lattice sites per superlattice period and���d⇤SL

d⌘

��� = 2.17 ⇥ 103 [lattice sites/degree]. Dashed lines in figure 4.5 indicate the

values for our experiment. It will be shown later in section 4.4 that the maximum

range for imaging and addressing in our experiment is ⇠ 0.28⇤SL, which turns
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out to be ⇠ 18 lattice sites for ⌘ = 1.74�. There were two reason why we chose

this particular angle for ⌘. First, we were initially preparing to do an experiment

which studies 1D transport of atoms. We wanted to be able to measure the fidelity

of the transport of atoms by as many sites as possible, while also having enough

di↵erential light shift for single site resolution. The maximum imaging range was

limited at 20 sites for single-site resolution with the laser power available for the

superlattice beams. Second, it is advantageous to keep the two superlattice beams

as physically close together as possible so that they can share as many mirrors as

possible. When both of the two superlattice beams reflect o↵ a single mirror, the

mechanical vibrations of that mirror are common mode and do not contribute to

position errors of the superlattice. Also, phase fluctuations from air currents will

be very similar and mostly cancel out if the beams are relatively close together. We

could have had better resolution of the imaging and addressing if we had chosen

larger ⌘. However, the current setup had su�cient properties, e.g., resolution and

addressing range, for our experimental goals and therefore was not further optimized.

4.1.3 Polarization Configuration of the Superlattice Beams

Although the method for calculating the potentials of the trapping lattice and the

superlattice are very similar, the roles that they play on the atoms are extremely

di↵erent. The trapping lattice is used for pinning down the atoms at particular

points in 3D space while the superlattice is used to create a position dependent

transition frequency for resonance imaging and addressing purposes. Therefore,

di↵erent polarization configurations should be considered for optimal performance

from the superlattice.

For the trapping lattice we are concerned mainly about the depth of the lat-

tice, which also determines the oscillation frequency. During typical imaging and

addressing experiments we want to prohibit transitions between trapped states with

di↵erent vibrational quantum numbers n. For this reason we keep the polarization
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of the counter propagating trapping lattice beams linear and parallel (lin�//�lin).

This polarization configuration will keep the trapping lattice potentials of the |3,�3i
and |4, 4i states in-phase, i.e., there will be no relative o↵set in position for the trap-

ping wells. Now, the two equations 4.3 and 4.5 are almost identical except for the

sign in front of mF , and the detuning parameters �340 and �450 in the single beam

light shifts U1
3 and U1

4 , respectively. The di↵erence in detuning is relatively small

(9.2GHz out of 140GHz) so the vibrational wavefunctions are nearly identical.

Since the vibrational wavefunctions are orthogonal under the harmonic approxi-

mation, overlap integrals (Franck-Condon factors) between trapped states with the

same vibrational quantum number (�n = 0) will dominate those between trapped

states with di↵erent vibrational quantum numbers (�n 6= 0).[26] Thus, the tran-

sitions can be assumed to be always confined within the same vibrational level for

driving pulses with relatively small areas of < 2⇡. For pulses with large areas � 2⇡,

the overlap between trapped states of equal parity (�n = 2, 4, 6, ...) will no longer

be negligible.

For the superlattice, our focus is on the characteristics of the di↵erential light

shift �U(x) in equation 4.20. To get some intuition of what parameters are impor-

tant we assume that �340 = �450 , and therefore U1
3 = U1

4 . Then, under this far-o↵

resonance approximation we can write from equation 4.3 and 4.5,

�U(x) / I

�450
(m3 +m4)

⇣
|e+1(x)|2 � |e�1(x)|2

⌘
(4.22)

Notice that the |e0(x)|2 term has cancelled out. This means that ⇡ polarized light

will not contribute in creating a di↵erential light shift under this approximation.

Instead, the di↵erence between the �+ and �� polarized light intensity will be re-

sponsible for the di↵erential light shift. For a fixed amount of superlattice intensity

being distributed among the various polarization components, we want the least

amount of intensity to contribute to ⇡ polarized light in order to maximize the dif-

ferential light shift. When the quantization axis (z�axis) is along the intersecting
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axis of the two superlattice beams (z0�axis) the ⇡ polarized component of the super-

lattice intensity is minimized. This can be understood with the basis transformation

matrix 4.15. As the quantization axis aligns with the z0�axis, the z component of a

polarization vector in cartesian coordinates increasingly contributes to the ⇡ com-

ponent of the transferred polarization vector. In terms of figure 4.2 and figure 4.3

this infers that we want z0�axis = z�axis. Indeed, an unconstrained nonlinear op-

timization program used to find the parameters that maximize the di↵erential light

shift confirmed that this choice of quantization axis was optimal. Note that when

the quantization axis is exactly parallel to the propagation direction, i.e., ⌘ = 0�,

the ⇡ component of the polarization is zero. In this configuration, as ⌘ increases the

⇡ component of the polarization also increases.3

By choosing the quantization axis (bias magnetic field direction) such that z = z0,

we have maximized the addition of the terms |e+1(x)|2 and |e�1(x)|2 in equation 4.22.

Now we want to find the optimal polarization configuration for the two beams to get

the largest di↵erence between these two terms. The most intuitive way of doing this

is by making one of the terms dominate for any x. For example, if we made both

beams of the superlattice right circularly polarized, then |e�1(x)|2 ⇡ 0 and we would

have a large peak-to-peak di↵erential light shift. Again, we use an unconstrained

nonlinear optimization program, where the polarizations of the two superlattice

beams are parameters, which indicates that this solution is a local maximum of

the peak-to-peak di↵erential light shift. Similarly, having both superlattice beams

left circularly polarized also provides a locally maximized solution. Therefore these

polarization configurations are candidates for the optimal di↵erential light shift.

There is one more polarization configuration that has potential to be the optimal,

3For ⌘ > 90� this configuration is no longer optimal and we should chose the axis parallel to

~

k1 � ~

k2 as the quantization axis for maximum di↵erential light shift, which in our case would be

the x

0�axis in figure 4.2. This configuration is what we normally use (appendix D) when we only

have the trapping lattice, corresponding to a configuration where ⌘ = 180�.
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Figure 4.6: Various superlattice polarization configurations. Quantization axis is
along the z direction defined by ~k1 + ~k2.

which is having both superlattice beams linearly polarized and perpendicular to each

other. This corresponds to the well known configuration for counter propagating

lattice beams called lin � ? � lin.

We can numerically calculate the potentials for these various configurations us-

ing the equations in section 4.1.1.4 Figure 4.6 show calculations of the potentials

for |4,�4i (red) and |3, 3i (blue) states. The parameters used in the calculations to

generate these plots were di↵erent from the actual experimental values. For these

plots, the values were chosen such that the characteristics of the various polariza-

tion configurations could be well observed and di↵erentiated. Figure 4.6 (a) shows

the potentials for the two states without a superlattice. The two lattices are in-

phase and the peak-to-peak heights are almost identical except for a small factor of

4MATLAB program: CalcSupLattPot Modified.m
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�340/�450 . Figure 4.6 (b) shows the potentials with the superlattice having linear

and parallel polarizations. For this case, the long period superlattice potentials of

the two states are in-phase and nearly identical in magnitude. This can be seen

as adding an additional trapping lattice potential with a long spatial period to the

original trapping lattice. The di↵erential light shift for this configuration is not sig-

nificant. Figure 4.6 (c) is the case described above, where both superlattice beams

are right circularly polarized. Although the superlattice light shifts are are in-phase,

the light shift magnitude for |4,�4i is much larger than that for |3,�3i. Therefore,
we obtain a large di↵erential light shift under this configuration. Finally, when we

have linear and perpendicular polarizations for the two superlattice beams the po-

tentials are like that in figure 4.6 (d). The magnitude of the two superlattice light

shifts are almost identical, but they are out-of-phase creating a large di↵erential

light shift. Quantitatively, calculations show that the magnitude of the di↵erential

light shift for (d) is 8% larger than that for (c). Therefore, configuration (d) gives

the best results in terms of the largest di↵erential light shift, but only by a small

amount (8%) compared to configuration (c).

In our experiment, we use beams of RMS width 0.888mm for the trapping lattice

and 1.144mm for the superlattice beams. The atom cloud has a size of � ⇠= 0.35mm,

only ⇠3 times smaller than the size of the beams, therefore inhomogeneity is an issue

that needs to be considered when choosing an optimal polarization configuration.

The way that the di↵erential light shift �U(x) responds to inhomogeneity in the

beam intensities is very di↵erent depending on the polarization configuration. Since

the scalar part of the superlattice light shift is essentially the same for a large detun-

ing (140GHz), the di↵erential light shift derives almost entirely from the fictitious

magnetic field. When the superlattice beams have linear and parallel polarizations

the fictitious magnetic field is zero. For this configuration, both the direction and

magnitude of the field changes in space, and the largest gradient occurs near where

the field is zero. When the superlattice beams have identical circular polarizations
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Figure 4.7: Superlattice potential with intensity inhomogeneity. Trapping lattice
potential was omitted. The width of the intensity profile was set at � = 0.3mm
for these calculations to amplify the e↵ects of inhomogeneity. The actual beam size
was � = 1.144mm.

the fictitious magnetic field has constant direction but varying magnitude in space.

This discrepancy is shown in figure 4.7. In figure 4.7 we used a smaller beam

width (� = 0.3mm) to exaggerate the e↵ects of inhomogeneity. Qualitative di↵er-

ences can be explained with equation 4.22. For case (b), i.e., circular polarization

(�+) for both beams, the combined field will only have �+ components. Therefore,

|e�1(x)|2 = 0 and the di↵erential light shift is always positive. The amount of posi-

tive light shift is proportional to the intensity. Thus, the mid point between the min-

imum and maximum of the di↵erential light shift potential, which is where the slope

is maximum (blue dashed line), also changes substantially with the intensity. For

case (c), where we used linear and perpendicular polarization, |e+1(x)|2 ' |e�1(x)|2

and the di↵erential light shift is centered very close to �U(x) = 0. For our ex-

perimental parameters the o↵set of the center of oscillation is only �3.9% of the

peak-to-peak di↵erential light shift. The point of maximum slope is therefore rela-

tively insensitive to the intensity. It will be described in more detail in section 5.1
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that it is advantageous to address atoms where the slope, i.e., spatial gradient, of

the di↵erential light shift potential is maximum. Addressing atoms at frequencies

near �U(x) = 0 for linear and perpendicular polarization (case (c)) is evidently

better than for any frequency in case (b). Therefore, in terms of laser beam inho-

mogeneity, having this intrinsic robustness against intensity variations makes linear

and perpendicular polarization the better choice.

One more argument that supports the use of linear and perpendicular polariza-

tion for the superlattice beams can be found in actual experimental implementation.

It is well known that beams reflecting o↵mirrors at non-normal angles will encounter

birefringence. This e↵ect is due to di↵erent amounts of phase shifts between the s

and p�polarized components of the light. If the polarization of the beam was linear

and aligned to the mirror such that it was either s or p�polarized there would be no

birefringence observed after reflecting o↵ the mirror. Another thing to consider is a

beam passing through glass, e.g., glass window of the vacuum cell, at non-normal an-

gles. Even if the glass is perfectly non-birefringent, the transmitted power through

the glass will be di↵erent between s and p�polarized light. This means that for

linearly polarized light, which is neither s or p�polarized, there will be a slight shift

in polarization angle. Circularly polarized light will become slightly elliptical. This

problem with the e↵ect of polarization dependent transmission can also be dealt

with by restricting the polarization to purely s or p�polarized light when passing

through a glass window.

The incident polarization upon reflection and refraction can be well maintained

with the linear and perpendicularly polarized superlattice configuration, since we

can choose s�polarization for one beam and p�polarization for the other on all

surfaces. Note that the two beams may have slightly unequal intensities at the

atomic cloud due to unequal losses. Fortunately, a↵ects to the light shift potential

from small imbalances of the beam intensities are minimal, which is described in

section 4.4. For the case of circularly polarized light, we cannot easily maintain or
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Figure 4.8: Actual light shift potential drawn to scale. Di↵erential light shift ob-
tained by subtracting the potentials for |4,�4i and |3,�3i

deterministically control the polarization after reflection and refraction. Thus, we

would either need to learn how to compensate for the polarization error by probing

the response of the atoms, or keep the polarization s or p�polarized while passing

all optical components and convert the light into circular polarization immediately

before arriving at the atoms. These remedies for using circularly polarized beams

proved to be extremely di�cult to implement in our current setup.

Due to all the arguments discussed above we chose linear and perpendicular

polarization as the optimal superlattice configuration for our experiments. Figure

4.8 shows the actual light shift potentials of our experimental setup drawn to scale.

The superlattice light shift for one of the qubit states is subtle (⇠ 20kHz) compared

to the depth of the trapping lattice (⇠ 150kHz). Subtracting the two potentials

gives the di↵erential light shift. The small and fast oscillations in the di↵erential
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Figure 4.9: Geometry of superlattice configuration. Green lines indicate the beam
propagation direction and red arrows indicate the polarization directions. The angle
between the two superlattice beams is ⌘ = 1.74�

light shift (shown as a green line in figure 4.8) is due to the fact that |4,�4i and

|3,�3i potentials are not exactly identical.

The actual parameters which we used in the experiment were inserted into a

program5 to calculate the superlattice potential. Figure 4.9 �4.13 show the results of

the calculations. The RMS width of the superlattice beams were � = 1.144mm, with

60mW of power for each of the two beams. The angle between the two superlattice

beams was ⌘ = 1.74�. The two beams were linearly polarized with one along the

x direction and the other along the y direction. In figure 4.9 we plot the geometry

of the superlattice configuration. The quantization axis is along the z direction.

The normalized ~k1 and ~k2 vectors are depicted as the green lines. The polarization

directions for the linearly polarized beams are indicated by the red arrows. Figure

5MATLAB program: /20100824 SuperLatt Potential/CalcSupLattPot Modified.m



82

!40 !30 !20 !10 0 10 20 30 40

0

0.5

1

1.5

2

Position along lattice direction [µm]

E
 f
ie

ld
 m

a
g
 [
E

0
]

E Field Plots

 

 

Sigma+
Sigma!
Pi

Figure 4.10: Electric field components of the superlattice in the spherical basis.
Plots are shown in units of single beam field amplitudes.

4.10 shows the electric field amplitudes for all components in the spherical basis.

Almost all of the light is �+ or ��, and their interference patterns are out-of-

phase in position. The ⇡ component of the light is only ⇠ 0.01% of the total field

amplitude and does not depend on position, i.e., there is no associate interference

pattern. Figure 4.11 shows the position dependent scattering times for the two

qubit states. This was calculated using equation 4.16. Scattering times for |3,�3i
range from 126ms to 278ms, and for |4,�4i they range from 133ms to 398ms. The

atoms that we address will be at positions where the scattering times are nearly

equal for the two qubit states. Thus, we will have ⇠ 185ms scattering time from

the superlattice for both states. These values are su�ciently long and will not limit

our current experiments which take up to 30ms. Light shift potentials of the

superlattice for each qubit state are shown in figure 4.12. Due to the asymmetry of

the Clebsch-Gordan coe�cients of �+ and �� transitions for a given qubit state,

the light shift for the |3,�3i state follow the interference pattern of the �� field
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Figure 4.11: Scattering times for |3,�3i and |4,�4i states due to the superlattice.
Scattering from the trapping lattice was not included.

!40 !30 !20 !10 0 10 20 30 40

10

15

20

25

30

L
ig

h
t 
S

h
ift

 [
kH

z]

Position along lattice direction [µm]

Light Shift

 

 

F=3
F=4

Figure 4.12: Superlattice light shift potential for |3,�3i and |4,�4i states.
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Figure 4.13: Di↵erential light shift between |3,�3i and |4,�4i states. Red markers
indicate trapping lattice site positions.

amplitude in figure 4.10. Similarly, the light shift for the |4,�4i state follow the �+

field amplitude. Finally, by subtracting the two light shift potentials of the two

qubit states we can calculate the di↵erential light shift shown in figure 4.13. The

red markers indicate the lattice site positions of the trapping lattice, therefore each

red marker is separated by �/2 = 426nm. The di↵erential light shift has a spatial

period of 28µm or 65.9 lattice sites (red markers). The peak-to-peak di↵erential light

shift is 38.7kHz. At the center of the di↵erential light shift in frequency, where the

spatial gradient is maximum, the slope is 1.85kHz per trapping lattice site. This is

where we want to address atoms.
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4.2 Spatial Gradient of Superlattice Potential and Transition Between Trapped

States with Di↵erent Vibrational Quantum Numbers

Addressing with the superlattice, via resonance imaging techniques, requires accu-

rate frequency to lattice site mapping. Since our lattice is deep enough to contain

more than one vibrational energy state, it is crucial to inhibit transitions to trapped

states with di↵erent vibrational quantum numbers, i.e., �n 6= 0. For a lin�//� lin

lattice only transitions to identical vibrational quantum states (�n = 0) is allowed

(appendix D). However, when the superlattice is introduced the lattice site position

shifts depending on the spatial gradient of the light field. Therefore, we need to take

this into consideration when we increase the superlattice slope for better resolution.

The relative displacement of the lattice sites must be calculated and conservation

of the vibrational quantum number during qubit transitions must be ensured.

In order to see what determines the spatial gradient of the di↵erential light shift

we make a few assumptions. First, we assume that we will address atoms at exactly

the center frequency between the maxima and minima of the di↵erential light shift

potential. This is also the average frequency of �U(x). Another assumption we

make is that the superlattice angle is small, ⌘ ⌧ 2⇡. Then we can ignore corrections

to the light shift potentials due to changes in the polarization components (�+, ��,

⇡) with respect to the quantization axis. The polarization configuration will be linear

and perpendicular for the superlattice beams. Additionally, the assumptions we

made to get equation 4.22 will be carried on, e.g., low intensity fields and�340 = �450 .

From equation 4.22 we can write

�U(x) / I

�450
sin (2⇡x/⇤SL). (4.23)

To make things simple we assumed that �U(x) is centered at zero frequency and

we will address at the frequency �U(x) = 0. One of the many positions that will

be addressed is x = 0. If we do a derivative to calculate the slope of the di↵erential



86

(a) Increasing ∆U(x) Amplitude (b) Increasing ∆U(x) Spatial Frequency

Thursday, February 23, 12

Figure 4.14: Comparison of the di↵erential light shift slopes at x = 0 for varying
parameters. (a) for larger amplitude, and (b) for larger spatial frequency. Dotted
lines depict the maximum slopes.

light shift at this point we get

d�U(x)

dx

����
x=0

/ I

�450

2⇡

⇤SL
. (4.24)

Using equation 4.18 for small ⌘, we see that , which is defined as the slope of the

di↵erential light shift at the points of addressing, has a magnitude of

|| / I

�450
⌘. (4.25)

There are two ways of increasing ||. Increasing I/�450 , i.e., applying more laser

power or detuning closer to resonance, will increase the peak-to-peak amplitude of

the di↵erential light shift potential. Figure 4.14 (a) depicts how the slope increases

when the amplitude of �U(x) is higher. This will increase || without changing any

other setting in the experiment except for the scattering rate. We can also increase ⌘

for larger ||. This will decrease ⇤SL, or equivalently, increase the spatial frequency

of the interference pattern (see figure 4.14 (b)). For this case the domain size will
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(a) No Superlattice (b) With Superlattice

F = 4
mF = -4

F = 3
mF = -3

�s

Thursday, February 23, 12

Figure 4.15: Light shift potentials for |3,�3i and |4,�4i near the maximum slope
of the di↵erential light shift. (a) without a superlattice and (b) with a superlattice.
�s is the shift in position of the trapping potentials due to the superlattice.

become smaller, and the number of sites that can be addressed will decrease, in

exchange for larger ||. This method to increase the resolution will be favorable in

certain situations, since changing the power or the frequency of the laser light is not

required.

Now we approximate the superlattice potential as a linear gradient light shift

across the lattice sites located in the vicinity of where we image and address atoms.

Then we can calculate the displacement of the lattice site positions due to the linear

gradient light shift. As in most calculations for optical lattices, we use the harmonic

approximation for the trapping potentials. We can write the trapping potential as

a harmonic potential subject to a linear gradient

V (x) =
1

2
M!2x2 + x (4.26)

where the term x describes the linear gradient due to the superlattice potential,

M is the mass of a cesium atom, and ! is the oscillation frequency. Without the
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second term we see that the harmonic trapping potential is originally centered at

x = 0. We can rewrite this potential as

V (x) =
1

2
M!2

⇣
x+



M!2

⌘2
� 2

M2!4

�
(4.27)

and see that the displacement of the potential corresponding to the linear gradient

x is � 
M!2 . In figure 4.12 we see that the superlattice potentials for the two qubit

states have similar magnitude and opposite sign. The di↵erence in magnitude is

mainly due to the di↵erence in magnetic-sublevel quantum numbers. Figure 4.15

illustrates the relative shift in lattice position due to the superlattice. In figure 4.15

(b) we have shown the case for 4 > 0 and 3 < 0, where 4 and 3 are the slopes

of the linear gradients for |4,�4i and |3,�3i states, respectively. The lattices will

shift in opposite directions and create a total relative displacement of

�s = � 4
M!2

+
3

M!2
= � �

M!2
. (4.28)

Here we define � ⌘ 4 � 3, which is the slope of the di↵erential light shift.

We plot this displacement as a function of the slope � in figure 4.16 (a). The

oscillation frequency of the trapping lattice was set at ! = 35kHz for these calcula-

tions. Even for a very large gradient, 40kHz/site, the displacement is modest, 6nm.

We also calculate the harmonic overlaps between |3,�3; 0i and |4,�4;ni states us-

ing this displacement, where n = 1, 2, 3. (See figure 4.16 (b)). Here we used

the notation |F,m;ni, where n is the vibrational quantum number. A numerical

program6 was used to calculate the harmonic wavefunction overlap integrals. The

overlap integrals between �n 6= 0 wavefunctions are plotted in percentages with

respect to the overlap integrals between the two desired qubit states, i.e., |3,�3; 0i
and |4,�4; 0i states. It is important to keep the overlaps between di↵erent vi-

brational states relatively small compared to that between |3,�3; 0i and |4,�4; 0i
since we want to keep the transitions confined within the qubit states. This will

6MATLAB program: HarmonicOverlaps.m
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(b) Wavefunction Overlap Between
     Different Vibrational States

Friday, February 24, 12

Figure 4.16: Perturbative e↵ects of the superlattice on the trapping lattice potential.
(a) Relative displacement of the trapping potentials for |3,�3i and |4,�4i states.
(b) Wavefunction overlap integrals to higher vibrational states.

be more di�cult as the overlap integrals (Franck-Condon factors) to higher vibra-

tional states increase. This is especially important when applying pulses with large

area, such as the composite pulses we use for robust addressing. This subject will

be discussed in section 7.1 As an example, we would need to keep the gradient of

the light shift smaller than 4.45kHz/site in order to have a wavefunction overlap

between |3,�3; 0i and |4,�4; 1i less than 1% of that for the qubit states. Note that

the overlap will vary depending on the oscillation frequency !. Another point to be

aware of is that the overlap integral between |3,�3; 0i and |4,�4; 2i is not zero at

zero displacement. This non-orthogonality is due to fact that we took into account

that �340 6= �450 when calculating the overlap integrals.

Calculations from section 4.1.3 show that for our setup � = 1.85kHz/site.

Using this value for the di↵erential light shift slope we calculate the relative dis-

placement in trapping potentials to be �s = 0.27nm. This provides absolute values
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of the overlap integrals as the following.

|3,�3; 0i ! |4,�4, 0i : 99.99%

|3,�3; 0i ! |4,�4, 1i : 0.42%

|3,�3; 0i ! |4,�4, 2i : 1.20%

|3,�3; 0i ! |4,�4, 3i : 0.01% (4.29)

Note that these values do not sum to one, because they are the transition matrix

elements, not the transition matrix elements squared. The values for the overlaps

between di↵erent vibrational levels are small. However, they could still contribute

significantly when applying pulses of large area, or many small pulses. If the peak-

to-peak di↵erential light shift were to be larger than 70kHz, then the �n = 0

transitions at the center of the frequency distribution will have the same resonance

frequency as �n = 1 transitions at other points in the di↵erential light shift. There-

fore, in order to further ensure that these transitions do not happen we bound the

peak-to-peak di↵erential light shift to be less than 50kHz. For the atoms that we

address, at the center of the frequency distribution, all �n 6= 0 transitions will be

well o↵-resonant with the �n = 0 transitions. It will be shown later in section 5.1

that we prepare atoms with relatively small-area pulses, particularly ⇡�pulses, and

discard all other atoms. This procedure further prohibits �n 6= 0 transitions to

contribute to the resonance signal.

4.3 Microwave Spectroscopy in the Presence of a Superlattice and E↵ects from

Non-perfect Alignment

We do microwave spectroscopy of the trapped atoms subjected to the superlattice

potential using the same methods as those shown in appendix D. We use gaussian

microwave pulses of RMS width �µw = 0.5ms and a total pulse length of 3ms. Since

all of the qubit transitions have identical Rabi frequencies, the signal strength at
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a certain microwave frequency should be proportional to the number of qubits on-

resonance. The bias field during the microwave pulse is along the z direction with

a magnitude of 150kHz to 255kHz in Larmor frequency. In this section we will

describe various challenges due to small misalignments, such as non-commensurate

periods and non-parallel nodal planes of the superlattice and trapping lattice. Due

to these misalignments we cannot resolve lattice sites in position by probing the

qubit transition frequencies via microwave spectra. We overcome this problem by

pre-selecting atoms with identical 1D di↵erential light shifts along the x direction.

There are many practical advantages to pre-selecting atoms in a misaligned lattice,

which will be discussed in section 4.3.3.

4.3.1 Ideal Case of Superlattice Alignment

Before we explain the the various non-perfections in alignment within our experi-

ment, we recount the ideal situation. There are four assumptions about the superlat-

tice that we make to describe an ideal experiment. First, the superlattice intensity is

homogeneous across the whole atomic cloud. Second, we assume that the trapping

lattice and superlattice is commensurate, i.e., the number of trapping lattice sites

within a superlattice period is an integer. The superlattice angle ⌘ determines if

the lattices are commensurate. The di�culties in setting ⌘ was described earlier in

section 4.1.2. Third, a minimum point of the di↵erential light shift must correspond

to a minimum or maximum point of the trapping lattice potential. Then the trap-

ping lattice site positions are symmetric with respect to a minimum point of the

superlattice potential. Fourth, we assume that the interference patterns (parallel

nodal planes) introduced by the trapping x�lattice and the superlattice are exactly

parallel. Through these assumptions, we imply that the distribution of light shifts

is equivalent to a 1D string of equally spaced atoms with a superimposed di↵erential

light shift that is perfectly commensurate and in-phase with the atoms. This situa-

tion is shown in figure 4.17 (a). Here we have chosen ⇤SL/⇤TL = 16 (much smaller
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Microwave Frequency

(a) Differential Light Shift vs Position (b) Microwave Spectrum

THL

Figure 4.17: Ideal case of perfect superlattice alignment.

than the actual value of ⇠ 66) for clearer illustration of the ideal situation. As usual,

the red markers indicate the trapping lattice site positions where the atoms are lo-

cated. All of the atoms are aligned to specific resonance frequencies (black dotted

lines) correlated to their positions within one superlattice period. Therefore, the

system can be reduced to a 1D string of 9 equidistant qubits with varying transition

frequencies depending on position. One subtle note to figure 4.17 is that it is half

as probable to have qubits on the minimum and maximum points of the di↵erential

light shift compared to the other qubits and this factor of 1/2 should be taken into

account.

A microwave spectrum of this system can be understood as a convolution of

the frequency response of the driving pulse (gaussian) with the probability distri-

bution of the qubit transitions. In figure 4.17 (a) we can imagine projecting the red

markers onto the frequency axis and convoluting a gaussian function of RMS width

�spec = 1
2⇡�

µw

p
2
. Figure 4.17 (b) shows a more detailed numerical calculation of
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the microwave spectrum.7 There are 9 distinct peaks in the spectrum as we would

expect. Qubits in well known positions can be directly addressed via resonance

techniques, i.e. addressing in frequency. For example, if we address qubits with

a transition frequency corresponding to T “Target” in figure 4.17 (b), we will be

addressing atoms separated by exactly ⇤SL/2 at specific positions with respect to

the superlattice. We can also address the atoms precisely one lattice site adjacent

to these target atoms. If we address qubits in frequency corresponding to L “Low,”

we will be addressing the atoms directly to the left (right) of the target atoms for

positive (negative) di↵erential light shift slopes. Similarly, addressing atoms corre-

sponding to H “High” will address atoms adjacent to the right or left of the target

atoms depending on the sign of the slope. Locally within a range of ⇤SL/2, where

the sign of the slope does not change, we have one-to-one mapping of atomic position

to transition frequency. This one-to-one mapping is not true across all atoms, due

to the slope having positive and negative sign. However, this will not be an issue

for special cases where we address symmetrically with respect to T . Specifically,

as long as we address L and H identically the results will be indistinguishable to

the case with one-to-one mapping for all atoms. More importantly, resolvability of

adjacent lattice sites can be evaluated directly from the frequency spectrum for this

ideal case.

In practice, setting up such an accurate experiment and maintaining its precision

throughout the data taking process is nearly impossible. Even if we were to set ⌘

such that the two lattices were commensurate, phase errors due to mirror vibrations

and air currents will prohibit consistent position mapping. Also, changes in back-

ground magnetic fields will have to be calibrated or significantly nulled for accurate

frequency addressing. Most likely implementing the ideal case will require active

phase control of the lattice beams and continuous monitoring of the background

magnetic field. Post-selection of data can also be a solution to this problem, but is

7MATLAB program: Plot Lattice3D bv3 uwSpec.m
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Friday, February 24, 12Figure 4.18: Non-commensurate superlattice and trapping lattice.

expected to be ine�cient.

4.3.2 Non-perfect Superlattice Alignment

In reality our experimental setup is far from ideal. We will describe two types of

misalignment that are present in our setup. For all discussions within this subsection

we will ignore the e↵ects of light intensity inhomogeneity, i.e., we will assume plane

waves for the laser beams. The first imperfection we will introduce to the ideal

case is the superlattice and the trapping lattice being non-commensurate. The

mapping of transition frequency to atom position for di↵erent periodic sections of

the superlattice are now di↵erent since ⇤SL is no longer a integer multiple of the

atom separation. This e↵ect is illustrated in figure 4.18. The black dotted lines

indicate resonance frequencies for the qubits (red markers) residing within the plot.

Comparing this to figure 4.17 (a) the qubit transitions are no longer aligned to a

minimum number of distinct frequencies. The resonances are noticeably spread out

across many frequencies and for a large number of qubits, much more than that

shown in figure 4.18, an e↵ectively continuous spread of the frequency distribution
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will result. A well defined mapping of transition frequency to atom position can no

longer be established. Microwave spectroscopy on this system will not produce a

spectrum resembling that of figure 4.17 (b) with 9 resonance peaks. The peaks will

wash out, and single lattice site resolvability will be impossible to evaluate based on

the spectrum alone.

Another type of misalignment that we can present on the system is non-parallel

interference patterns (nodal planes) of the trapping x�lattice and the superlattice.

When two coherent beams (plane waves) propagating along ~k1 and ~k2 interfere, they

create planes of constant intensity and polarization. These nodal planes are perpen-

dicular to ~k1�~k2. It is very di�cult to keep these nodal planes, corresponding to the

trapping x�lattice and the superlattice, perfectly parallel. Figure 4.19 (b) depicts

a tilt between these two planes, the blue plane defining the interference pattern of

the trapping x�lattice and the green plane defining the interference pattern of the

superlattice. When this type of misalignment occurs the 1D di↵erential light shifts

along the x direction (figure 4.17 (a)) have di↵erent relative positions with respect

to the trapping lattice, depending on its position along the y� or z direction.

In order to illustrate this e↵ect, we add one more dimension of lattice sites to

our schematic of the di↵erential light shift. Figure 4.19 (a) shows atoms trapped

in a 2D lattice (in the xy� plane) with a superlattice di↵erential light shift along

the x direction. The depiction reflects the ideal case, where the 1D realizations of

the di↵erential light shift along the x direction are identical for each row labeled

with the y�lattice site. When a tilt is introduced between the two interference pat-

terns, such as in figure 4.19 (b), the 1D di↵erential light shifts along the x direction

change depending on the (x, y) position. Figure 4.19 (c) shows a plot of the dif-

ferential light shift where the misalignment was vastly exaggerated (45�) compared

to actual values of the experiment (⇠ 5�). Focusing again on isolated 1D sets of

atoms along the x direction, we see that each set of atoms have slightly shifted rel-

ative positions between the superlattice and the x�lattice. Therefore, similarly to
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Figure 4.19: Non-parallel interference patterns. (a) Di↵erential light shift for the
ideal case with parallel interference patterns for the trapping x�lattice and the
superlattice. (b) Schematic of this type of misalignment. Blue and green planes
depict the nodal planes of the trapping lattice and superlattice, respectively. (c)
Di↵erential light shift with a tilt misalignment between the two interference patterns.
(d) Calculation of a microwave spectrum of qubits for a situation such as that shown
in (c)
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the non-commensurate case, we no longer have distinct resonance frequencies cor-

responding to well defined positions. In the microwave spectrum (figure 4.19 (d))

we only see two peaks at the minimum and maximum of the frequency distribution.

These peaks correspond to atoms at the extrema (top and bottom) of the di↵er-

ential light shift potential, where the atom density for a given frequency interval

is maximum. This argument is similar to that for “density of state” definitions in

condensed matter physics. Thus, the peaks are not correlated to particular lattice

positions such as those in figure 4.17 (b). In between the two large peaks we see

a relatively uniform distribution of atoms across a continuous range of frequencies.

For a very large number of atoms the e↵ect on the microwave spectrum is identical

for the two types of misalignments, i.e., non-commensurate periods and non-parallel

interference patterns. In practice they are also very hard to distinguish and disen-

tangle in the laboratory. Tilting misalignment of the nodal planes will also change

the e↵ective superlattice period along the x direction and alter the conditions, e.g.,

the angle of ⌘, for commensurate lattices. Suppressing both types of misalignments

will prove to be extremely challenging in the laboratory.

Figure 4.20 show experimental data of the microwave spectrum with and without

the superlattice. Figure (a) shows the case with linear and perpendicular polariza-

tion for the superlattice beams while (b) is for circular (��) polarization. Detailed

di↵erences in the two types of configurations was explained in section 4.1.3. For

both configurations the superlattice distributes the resonant transition frequencies

across a range of ⇠ 40kHz. The main di↵erence is that in (a) the qubit resonances

are distributed positively and negatively with respect to the “no superlattice” res-

onance, while in (b) they are distributed only to the negative side. This is exactly

what we should expect according to the calculations in section 4.1.3. Note that

the spectra with and without the superlattice have di↵erent scaling, i.e., they are

not normalized with respect to each other in order to clearly show the shape of the

distribution with the superlattice. Qualitatively the blue plot in figure 4.20 (a) is
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(a) Linear and Perpendicular
     Polarization Configuration

(b) Circular (σ-)
     Polarization Configuration

Figure 4.20: Experimental data of microwave spectra with and without the superlat-
tice for two types of polarization configurations. Note that the blue and red spectra
are not normalized with respect to one another.

nicely represented by figure 4.19 (d), and shows that we indeed have misalignment

issues.

4.3.3 Pre-selecting atoms with Identical Addressing Gradients

We have both types of misalignments, described in the previous section, present in

our experimental setup. These misalignments result in not being able to distinguish

between the many di↵erent mappings of frequency to atom positions. We can try

to overcome this problem by aligning the lattices as close as possible to the ideal

case. However, this will be extremely hard to accomplish and maintain as discussed

in the previous section. Instead we can leave the system misaligned and pre-select

atoms with identical 1D di↵erential light shifts along the x direction. In figure

4.21 (a) we have the same plot as in figure 4.19 (c) with an addition of a green plane

marking �U(x, y) = 0. If we pre-select qubits that are resonant with the microwave
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Figure 4.21: Pre-selection of atoms. (a) Di↵erential light shift in 2D with misalign-
ment. Green plane indicates the frequency we want to select resonant qubits. (b)
Di↵erential light shift in 1D along the x direction. We select the atoms A which
all have identical frequency to lattice site position mapping. Atoms with di↵erent
qubit transition energies such as B have di↵erent frequency to lattice site position
mappings.

frequency corresponding to �U(x, y) = 0, then we will be selecting only a subset

of the atoms (marked as large blue markers). The 1D di↵erential light shift along

the x direction of these select atoms (A) will be identical, while atoms that were

not selected (for example B) will exhibit a di↵erential light shift that is displaced in

position with respect to the trapping lattice. In the experiment, we could pre-select

atoms that are resonant at some frequency near �U(x, y, z) = 0, as a preparation

stage of the experiment. After removing the atoms that are not pre-selected we can

be assured of having a uniform mapping of frequency to lattice site position. In

this case, we will have a homogeneous ensemble of atoms for resonance imaging and

addressing. The method that we chose for removing the non-selected atoms will be

described in section 5.1.

Pre-selecting atoms this way has many advantages. First, most obviously, there

is no need to have perfect alignment between the trapping lattice and the superlat-



100

tice. Also, the required conditions for maintaining a certain alignment only applies

between the pre-selection and successive controls of a single run of the experiment,

typically a time span of 30ms. There is no need to maintain any kind of precise

alignment of the lattices for all runs of the experiment for a given data set. Second,

we do not have to calibrate the microwave frequency to be resonant with a targeted

subset of atoms. Since the atoms are spread relatively uniformly across a large

range of frequencies centered at �U(x, y, z) = 0, we will always be pre-selecting

a similar number of atoms even in the presence of various errors. Fluctuations in

the background magnetic field and bias field errors originating from the equipment

can be examples of these errors. (see chapter 3) As long as these errors have time

scales much longer than one run of the experiment they will not contribute to any

noticeable change in the experimental results. For every shot of the experiment we

will pre-select subsets of the atoms at di↵erent positions, but once they are selected

their 1D di↵erential light shifts along the x direction will always be consistent. The

third advantage to pre-selection is that we have control over the relative positions of

the pre-selected atomic planes. This will be described in more detail in section 5.1.

Essentially, we can pre-select atomic planes that are precisely separated by arbitrary

distances along the x direction. Having this control over the initial position of the

atoms will give us the ability to do many of the robust addressing experiments in

chapter 6.

4.3.4 Superlattice Beam Positioning and its E↵ects on the Microwave Spectrum

In the previous subsection we ignored inhomogeneity due to the gaussian intensity

profile of the laser beams. We will now take this inhomogeneity into account, partic-

ularly for the superlattice beams, and see how this e↵ects the microwave spectrum.

A few assumptions will be made for simplicity. First, we assume the interference

of the two superlattice beams will have a gaussian envelope of the same width as

a single superlattice beam profile (� = 1.144mm). This assumption can be made
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Atomic Cloud

Superlattice Beams

δx

Figure 4.22: A schematic of the superlattice beam positioning misalignment. Su-
perlattice beams have a gaussian intensity profile and contribute to inhomogeneity.
�x is the displacement between the superlattice and the atomic cloud.

because of the small superlattice angle (⌘ = 1.74�). Second, we assume that the

atomic cloud is spherical and has a gaussian distribution along the radial axis. The

third assumption is that the displacement between the center of the atomic cloud

and the crossing point of the two superlattice beams is only along the x direction.

Therefore, we denote this displacement as �x in figure 4.22. O↵sets in the y direc-

tion will show the same e↵ects as those in the x direction, and thus can be safely

excluded. O↵sets in the z direction will contribute substantially less to any changes

in the microwave spectrum compared to those in the x� or y direction, again due

to small ⌘. In practice we align the two superlattice beams independently by moni-

toring the single beam light shift from a single beam using the procedure described

in appendix B.

Empirically, we noticed that immediately after beam alignment the microwave

spectrum would look like figure 4.23 (a), and then slowly change to (b) ! (c) !
(d) over the course of a few weeks. This suggests that the shape of the microwave

spectrum is indicative of the beam alignment with respect to the atomic cloud. As

the superlattice is better aligned to the atomic cloud the population at the maximum

and minimum of the spectral distribution increases. We modeled the inhomogeneity
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Figure 4.23: Experimental data for various superlattice positions and the optimized
fits.

introduced by this position misalignment using the assumptions described above,

and fit the experimental data using an optimization routine.8 The fit parameters

were the intensity of the beams, the amplitude of the signal, the center frequency of

the spectrum, and the position displacement of the superlattice. The RMS width of

the gaussian response was set at � = 0.345kHz which was directly measured from

a spectrum without the superlattice.

In the calculations to get the microwave spectrum, this gaussian response (with-

out the superlattice) is convoluted with the probability distribution of the qubit

transition frequencies. The optimized fits mimic the data very well and the fit val-

8MATLAB program: /20110116-SL spec gaussPulse/Fit SLspec v2.m
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Pockels Cell @ 0˚

PBS @ 45˚

PBS @ 0˚
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Phase Shift Testing

Figure 4.24: Schematic of superlattice phase control setup. A linearly polarized
collimated beam of RMS width � = 0.888mm is launched out of a polarization
maintaining (PM) optical fiber output coupler and arrives at a telescope after two
aligning mirrors. At the center of the telescope is a Pockels cell (Lasermetrics Inc.
3079FW) with its optical axis aligned to the s�polarized light with respect to the
mirrors (perpendicular to the optical table).

ues also support our intuition. This proves that the microwave spectrum can be

used as an indicator of how well aligned the superlattice beams are to the atomic

cloud.

4.4 Displacing the Superlattice with an Electro-Optical Modulator

For our particular setup, the ability to precisely displace the superlattice interference

pattern is an essential tool in preparing and imaging qubits at well defined positions

in space. Since our atom cloud has a 1/e diameter of ⇠ 1mm, we have ⇠ 36
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superlattice periods within the range of the cloud. Therefore, the absolute position

of the superlattice interference pattern is not important especially when considering

the fact that we will be pre-selecting atoms at non-controlled positions (section

4.3.3). However, the relative displacement of the superlattice at any time during

the experiment, with respect to its position during the pre-selecting stage of the

experiment, is extremely critical. Keeping other superlattice parameters, such as

peak-to-peak light shifts and spatial periods, constant during the displacement is

also important. The displacement of the superlattice can be achieved by controlling

the relative phase (�' = '1 � '2) of the two superlattice beams in equation 4.10.

Since the experiment is < 30ms long we also need to have fast control over the

displacement with time scales of tens of µs. There are two ways to easily realize this.

One is to mechanically move a mirror in one of the beam paths with a piezoelectric

actuator. This will physically change the path length of one of the beams creating

the relative phase shift that we want. Another is to use an electro-optical modulator

(EOM) such as a Pockels cell. Depending on the voltage that we apply to the EOM

we can induce a controlled birefringence and change the relative phase of the two

beams. In our setup, we decided to to use an EOM due to its high bandwidth and

immunity to beam deflections while changing the phase. These EOM setups are also

less subjective to ringing and mechanical resonances that are typically observed for

mirrors on piezoelectric actuators. A schematic of the setup is shown in figure 4.24.

In figure 4.24, we define the axis perpendicular to the optical table to be 0� in

the in the plane of polarization. The input of the Pockels cell is linearly polarized

at 45� via a polarizing beam splitter (PBS) at 45�. A half-wave plate (HWP) right

before the first telescope lens maximizes the power into the Pockels cell. The beam

slowly diverges after the telescope to be � = 1.144mm at the position of the atoms.

This was intentional in order to make the wavefront of the beams at the position

of the atoms as planar as possible. A shear interferometer was used to observe the

wavefront of the beams, and find the optimal position of the second telescope lens.
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The beam out of the Pockels cell was split into two beams (A and B in figure 4.24)

with a PBS at 0�.

There are two benefits in placing the Pockels cell before the beam is split into

two, instead of the Pockels cell being in only one of the arms after splitting the

beam. First, the two beams are guarantied to have the same profiles (beam sizes) as

long as the path lengths of the two beams are equal. Second, we can take advantage

of the phase shift from both the fast and slow axes of the Pockels cell. The Jones

matrix for this Pockels cell EOM can be written as

M =

0

@ ei
2⇡
�

n
x

(V )d 0

0 ei
2⇡
�

n
y

(V )d

1

A (4.30)

where nx(V ) and ny(V ) are the voltage dependent indices of refraction along the

fast and slow axes. d is the length of the birefringent material. For the Pockels

cell that we used in the setup the fast and slow axes shifted the phase in equal and

opposite amounts proportional to the applied voltage, i.e., nx(V ) = n0 + �n(V ) and

ny(V ) = n0 � �n(V ). The polarization before (J1) and after (J2) the Pockels cell

can be written as

J1 =
1p
2

0

@ 1

1

1

A , J2 =

0

@ ei
2⇡
�

�n(V )d

e�i 2⇡
�

�n(V )d

1

A (4.31)

The PBS (at 0�) after the Pockels cell is align to the Jones vectors shown above, and

simply splits the two orthogonal polarization components of J2 into the two beams,

A and B. Therefore, with this configuration we could have two times the phase

shift (�' = 4⇡
� �n(V )d) compared to relying on just one axis for phase shifts. Since

the two beams, A and B, are linear and orthogonally polarized we can use them

directly for our desired superlattice beam polarization configuration (figure 4.6 (d)).

For a circularly polarized superlattice configuration (figure 4.6 (c)) we need to add

quarter-wave plates to A and B.
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(a) (b)

Figure 4.25: Intensity of the superlattice beams vs superlattice beam phase shift.
(a) Superlattice beam power correlation to the superlattice phase shift. (b) Change
of superlattice peak-to-peak potential as a function of the superlattice phase shift.

We apply voltages from �1V to +1V to the input of the EOM driver9 which

amplifies it to 300V peak-to-peak for the Pockels cell. In principle this should only

change the relative phase �' of the two beams A and B, i.e., the intensities of the

two beams should be constant. If we do not align the Pockels cell to exactly 0�,

the o↵-diagonal elements of the Jones matrix in equation 4.30 will not be zero and

the relative intensities of the two beams will vary with the applied voltage. We

can use this signature to fine tweak the Pockels cell alignment. However, due to

imperfections in the beam wavefront and input polarization we cannot make the

intensity perfectly flat as a function of applied EOM voltage. Non-ideal birefringent

elements of the Pockels cell may also contribute to this error. Figure 4.25 (a)

shows the power of the two beams as a function of applied EOM voltage after

alignment. The intensity of a single beam varies up to ⇠ 6.7% across the range of

phase shifts. Calculations show this amount of variation in intensity corresponds to

⇠ 1.5� misalignment of the Pockels cell. Fortunately, the e↵ects of this substantial

9Lasermetrics Inc. GA 21
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Figure 4.26: Interference signal of the Mach-Zehnder interferometer setup as a func-
tion of applied EOM driver voltage. Red markers are the data and the orange line is
a fit to a sine function. We have a voltage to phase shift calibration factor of 50�/V
according to the fit.

change in intensity is minimal to the superlattice di↵erential light shift. The change

in peak-to-peak light shift of the interference is plotted in figure 4.25 (b). The

deviations across the whole range of phase shifts is < 0.15%, which is su�ciently

small for the experiments we conduct.

In order to test the amount of phase shift for a given applied voltage we temporar-

ily add the setup within the dotted line in figure 4.24 and make a Mach-Zehnder

interferometer. We observe the interference at the detector (in figure 4.24) for a

given EOM driver input voltage. The maximum phase shift range is < 360�, thus

we only see segments of sine functions. Figure 4.26 shows an example of such a

measurement. Fitting the data set to a sine function will give us a calibration of

the EOM voltage to the relative phase shift. We took many measurements from

di↵erent segments of the sine function and measured a very consistent 50�/V for

the calibration. Therefore, the maximum range of the relative phase shift via the

Lasermetrics Inc. GA 21 EOM driver is 100�.
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The resolution of the superlattice displacement was ultimately limited by the

function generator controlling the EOM driver. This theoretical limit was 1.3nm.

However, measurements done with the Mach-Zehnder interferometer of figure 4.24

suggest that the RMS error in displacement is ⇠ 14nm for 1ms timescales. Electrical

noise in the Pockels cell driving voltage and optical component vibrations dominate

the error in superlattice displacement for these timescales. The first two largest

natural frequencies of vibrations were measured to be 0.68kHz, and 1.71kHz. As

described in section 4.1.2, having a larger superlattice angle ⌘ could have decreased

the fluctuation amplitude in these timescales. For the experiments that we conduct

in this thesis, these relatively fast errors (timescales of 1ms to 30ms) from the EOM

setup are small enough to still allow single site resolution. Slow drifts, which are

mostly due to air currents, were measured to be small enough to not be an issue for

our experiments. For a 5 second period the drift was only in the order of 40nm. Pre-

selection of atoms makes this amount of drift insignificant to e↵ect any measurable

outcome.
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CHAPTER 5

SUB-WAVELENGTH PREPARATION AND RESONANCE IMAGING OF

ATOMIC QUBITS

Single site resolved imaging and addressing of neutral atoms in an optical lattice us-

ing resonance imaging techniques have been previously proposed and demonstrated.

Some groups manipulate the lattice structure [49, 52] while others use focused laser

beams [80, 82]. In this chapter we describe our method of single site preparation

and imaging in 1D of atoms trapped in a 3D optical lattice, using an independent

superlattice. First we pre-select qubits that have identical di↵erential light shifts

with respect to the x�lattice position. This step will be the preparation stage of the

experiment. Then, by measuring the probability of resonance at a given transition

frequency as a function of the displacement of the superlattice, we can obtain a

resonance image of the prepared qubits. In order to accurately measure the spatial

gradient of the superlattice di↵erential light shift we use various methods such as

moving the atoms by well-known distances, and measuring the atomic response after

precisely controlling the bias field. Finally, we test the resolution of our resonance

imaging technique and discuss the actual limiting factors and what the theoretical

limit should be. Throughout this chapter we will be using a “pseudo-spin” terminol-

ogy for the atomic qubits. “Spin-up” will indicate the |F,m;ni = |4,�4; 0i ground

state while “spin-down” will correspond to the |3,�3; 0i state.

5.1 Sub-wavelength Preparation of Atomic Qubits

As shown in section 4.3.3, pre-selecting qubits with identical di↵erential light shifts

is essential for extracting the position information of an atomic qubit. As a first step
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to realizing this, we apply a ⇡�pulse at the center of the frequency distribution near

�U(x) = �1.5kHz. (see figure 5.1) In vicinity of where we apply the microwave

pulse in frequency, we have an ensemble of atoms in which all transition frequencies

are equally likely. All atoms are initialized in the spin-up state after optical pumping

and side-band cooling. For atoms that are on-resonance, the spin will be flipped to

spin-down after the microwave pulse. The microwave pulse has a Gaussian amplitude

envelope of RMS width 0.5ms. For a Fourier transform limited pulse the spectral

response of this pulse will be Gaussian in frequency with an RMS width of 0.225kHz.

In our experiment we always measure broader RMS widths of 0.25kHz to 0.37kHz.

The excess broadening is primarily due to fluctuating magnetic fields. Even with the

excess broadening, these widths are more than 5 times smaller than the di↵erence

in transition frequencies for adjacent lattice sites due to the superlattice potential

gradient (1.85kHz/site). Since the microwave pulse flips the spins of qubits with

a probability distribution in frequency that closely mirrors the Gaussian frequency

content in the pulse, the nearest neighboring qubits along the x direction of those

that were “selected” (spin flipped) will most likely remain in spin-up. Atoms that

are driven o↵-resonance by the microwave pulse will be projected to spin-up or spin-

down after a subsequent projective measurement, which will be described below.

Figure 5.1 (a) shows a schematic of the first step in preparing the atomic qubits.

The red markers indicating the lattice site positions are initially filled with qubits

in the spin-up state. Some of the spins have been flipped (blue circles) due to the

microwave pulse (blue line). The select qubits that have gone through a spin flip are

positioned every half period of the superlattice. Now we remove the qubits in the

spin-up state by blowing away these atoms from the trapping lattice with a “blower”

laser beam that is on-resonant with the spin-up state. This F = 4 ! F 0 = 5

(D2 transition) laser beam originates from the same fiber output source as the

beams used to make the MOT. The beam has a power of 2.4mW and a beam

size of � ⇡ 0.5mm for a peak intensity of ⇠ 150mW/cm2. The intensity and
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(a)

(b)

3D Lattice

�SL

2

Figure 5.1: Pre-selection procedure on the di↵erential light shift plot. Red markers
indicate lattice site positions. All qubits are initially spin-up. Right hand side
of the figure shows a schematic of the 3D version (only a small portion of the
atoms are shown) of the procedure. (a) Blue line on the di↵erential light shift plot
indicates the microwave frequency. Blue circles indicate the atoms on-resonant with
the microwave pulse that flip their spin to spin-down. (b) Atomic qubits that remain
in spin-up after the microwave pulse are removed with a laser beam on-resonance
with the spin-up atoms. Only blue atoms (2D periodic planes of atoms) are left in
the lattice. For illustrative purposes in the 3D depiction, we simplify the drawing in
two ways. First, we have assumed that each lattice site is occupied. This is not the
case in our experiment, but because each addressed plane contains many thousands
of lattice sites it will always contain a large number of atoms. Second, we use a
much shorter ⇤SL than what was actually used in the experiment.
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detuning of this blower beam is controlled with an acousto-optic modulator (AOM)

and mechanical shutter. The beam is on for 0.5ms to e↵ectively blow away the

atoms. The beam propagates close to the y�axis, deviated by approximately 20�

within the xy�plane. Because of this geometry of the blower beam, we could lower

the y�lattice depth when we wanted more e�cient removal of the spin-up atoms.

After applying the blower beam, we are left with only the atoms that we have

previously flipped with the microwave pulse to spin-down (figure 5.1 (b)). What we

have actually done in 3D is shown on the right hand side of figure 5.1. Only a small

portion of the lattice sites are displayed and for illustrative purposes the figure is

drawn assuming the superlattice period is 8 lattice sites. This was done in order

to easily visualize the conceptual method that we use to prepare periodic planes of

atomic qubits.

The role of blowing away the spin-up qubits with an on-resonant laser beam is not

only for removing these atoms. Qubits that did not undergo a perfect ⇡�pulse, due

to o↵-resonant excitation or imperfect pulse area, will be projected to an eigenstate

of the Pauli operator �z, i.e., spin-up or spin-down. The qubits that are projected

to spin-up will be immediately removed by the blower beam and all remaining

atoms will be re-initialize in the spin-down state. This will ensure that there are

no coherences left at the end of this preparation stage that can e↵ect the outcome

of subsequent steps of the experiment. In our experiment we have experienced loss

of contrast in our resonance images when we did not have su�cient intensity of the

blower beam to remove all spin-up atoms and project all the pre-selected qubits to

the spin-down state.

One important thing to note is that since our lattice has low filling fraction

(< 1%) the qubit planes that we prepare are also sparsely and randomly filled.

Figures within this chapter generally portray a fully filled lattice as that provides a

clearer illustration of the various concepts. For all the experiments within this thesis

we only manipulate single qubits, i.e. we do not introduce interactions between
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multiple qubits. Therefore qubit planes with low filling fractions will respond to

the microwave pulses identically to qubit planes that are fully filled. For future

experiments that probe multi-qubit interactions along the x direction, one would

need to consider the fact that the filling fraction will determine the strength of the

signal from interacting qubits. This is because only a fraction of the qubits will

actually have nearest neighbors along the x direction if the lattice is not fully filled.

5.2 Sub-wavelength Resonance Imaging of Atomic Qubits

After pre-selecting atomic qubits in well defined positions in the x direction, we use

resonance imaging techniques to obtain a 1D image in the x direction of the pre-

pared atoms. There are two approaches that we can take to accomplish this. One

is to change the probing frequency while leaving all of the superlattice parameters

constant, i.e. measure the microwave spectrum of the pre-selected qubits. Inter-

pretation of the microwave spectrum to extract position information must be done

with caution, since we cannot separately access the position information for atoms

located at positive and negative slopes of the di↵erential light shift. For example,

if atoms are prepared asymmetrically in position within the lattice, the microwave

spectra of half of the atoms located at the positive slope of the di↵erential light

shift will be a “mirror image” of the other half on the negative slope. Therefore, the

microwave spectrum from all of the atoms will be symmetric, hiding the asymmet-

ric orientation of the atoms in position. Note that this problem will not occur for

atoms arranged symmetrically in position. Also, if inhomogeneity of the laser beam

intensity profile is taken into account, the spatial resolution of the image will be

position dependent. Images farther away from the center (�U(x) = �1.5kHz) will

have worse spatial resolution compared to images near the center, similar to having

spherical aberration in a conventional optical image. This is due to the fact that the

ensemble of atoms across the whole atomic cloud are subject to an inhomogeneous

distribution of slopes of the di↵erential light shift. The variance of this distribution
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is smallest at the center and increases as �U(x) deviates from the center, therefore

adding additional broadening to the resonance peaks.

We take another approach, which is to keep the probing frequency constant and

displace the superlattice. Now we are actually measuring in position instead of fre-

quency, and therefore are not constrained to images with symmetric arrangements

of the atoms in position. This technique will also be relatively robust against in-

homogeneity of the superlattice intensity profile because we probe at a constant

frequency, preferably �U(x) = �1.5kHz. Since the atoms that are probed are al-

ways subject to the same di↵erential light shift gradient, we will have consistent

resolution across the whole field-of-view.

5.2.1 Experimental Procedure for Site-Resolved Resonance Images

The detailed procedure for resonance imaging is as follows. First, we pre-select

qubits per section 5.1 with a microwave ⇡�pulse, which we call the “pre-selection

pulse”. The pre-selected qubits are in the spin-down state. We then position the su-

perlattice at a location that we want to probe and apply another microwave ⇡�pulse,

which we call the “imaging pulse”. The imaging pulse is usually identical to the

pre-selection pulse with a Gaussian amplitude envelope of RMS width 0.5ms. Sub-

sequently, Stern-Gerlach measurements will quantify the population in the spin-up

state |4,�4i, which is a measure of the probability of having an atom on-resonance

at that superlattice position. If the superlattice is located exactly at the same posi-

tion as it was during the pre-selection stage, the maximum number of qubits will be

resonant with the microwave pulse and the number of spins that flip back to spin-

up will be maximum. If the superlattice is displaced by a relatively small amount,

the number of qubits that are on-resonance with the microwave pulse will decrease,

along with the number of spins that end up in the spin-up state. If the superlattice

is displaced by a large amount, all of the qubits will be far o↵-resonance and there

will be no population measured in spin-up. Note that after the pre-selection stage
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of the experiment we have an ensemble of qubits in the spin-down state with a dis-

tribution of resonance frequencies. Therefore, when we measure a resonance signal

after the imaging pulse, i.e., qubits in the spin-up state, a subset of the atoms are

driven o↵-resonance and these atoms do not undergo a full ⇡�transition. Due to

these o↵-resonance transitions, the number of atoms flipped back into the spin-up

state at a given superlattice position is proportional to the convolution of the tran-

sition frequency distribution of the pre-selected qubits and the atomic response of

the imaging pulse. Note that the pre-selected qubits have a transition frequency dis-

tribution determined by the atomic response of the pre-selection pulse. The atomic

response of a given microwave pulse can be approximated by its power spectrum.

Since the pre-selection and imaging pulses have Gaussian amplitudes in time, the

atomic responses are also Gaussian, and thus the image (convolution of two Gaus-

sians) is also Gaussian. To be precise, the RMS width of the atomic response should

actually be smaller by ⇠ 6% compared to the power spectrum. This behavior can

be conceptually understood because o↵-resonance Rabi oscillations are faster than

on-resonance Rabi oscillations making the wings of the Gaussian response start to

drop before the resonant qubits finish a ⇡�pulse. The resolution of the resonance

image taking these o↵-resonance transitions into account is discussed in detail in

section 5.2.4.

We can plot the spin-up population as a function of the superlattice position

to obtain a resonance image. Essentially, through this process we have encoded

the position information of an atom into its spin state, and obtained an image by

measuring its internal state through Stern-Gerlach measurements. Figure 5.2 (a)

shows a typical resonance image of pre-selected atoms using the procedure described

above. A single peak is shown in the image because we prepared only a single

plane within each superlattice domain. For this particular image, each data point

corresponds to an average of two destructive Stern-Gerlach measurements. No other

post-image processing was done on these images. The signal-to-noise ratio (S/N)
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(a) (b)
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Figure 5.2: Resonance image of pre-selected planes of atoms. (a) Red markers are
experimental data and the orange line is a Gaussian fit. The RMS width of the fit is
80nm proving sub-wavelength resolution. (b) We portray that the resonance image
in (a) is made by many periodic planes of atoms separated by ⇤SL/2.

of this image is 19.9, but this can be enhanced further by increasing the number of

averages per data point. A typical image with ⇠ 200 data points typically takes 5 to

20 minutes to acquire depending on the MOT loading time and number of averages.

A Gaussian fit of the experimental data (orange line in figure 5.2 (a)) shows that

the peak has an RMS width of 80nm, therefore the images have sub-wavelength

resolution. Note that this single peak is produced from ⇠ 100, 000 atoms confined

within ⇠ 70 randomly filled periodic planes. This is a large enough sample that we

can use a relatively ine�cient Stern-Gerlach measurement and still obtain images

with good S/N. Figure 5.2 (b) depicts the fact that we are actually imaging periodic

planes of atoms separated by ⇤SL/2.

We can also prepare and image several planes of atoms within each superlattice

domain. We first pre-select a set of atoms by flipping their qubit spins from spin-

up to spin-down as described above. Before removing the spin-up atoms we pre-
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Figure 5.3: Pre-selecting and imaging multiple planes of atoms. (a) Resonance
image of three planes separated by one and two lattice sites. (b) An illustration
that we actually image three sets of periodic planes of atoms. (c) Equivalent 1D
single atom experiment assuming no multiple qubit interactions.

select another set of atoms with an additional microwave ⇡�pulse and a di↵erent

superlattice position. We continue to pre-select distinct planes of atoms that we

want to prepare for imaging. Once we are done pre-selecting, we remove the un-

selected atoms. A final microwave ⇡�pulse (imaging pulse) is used to measure the

population on-resonance for a given superlattice position. Figure 5.3 (a) shows an

image of 3 planes of atoms within a superlattice domain. They are separated by

one and two lattice sites, and all resonance peaks are clearly resolvable. This image

obviously shows that we can use this technique to image asymmetric arrangements

of the atom positions. Also, the resolution across a small part of the field-of-view

(superlattice domain) is consistent, despite superlattice inhomogeneities. Again,

approximately 100, 000 atoms contribute to each resonance peak. Figure 5.3 (b)

illustrates that we are imaging three sets of planes periodically positioned every half

superlattice period.
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5.2.2 Superlattice Phase to Lattice Site Position Calibration

We can confirm the superlattice angle ⌘ and accurately calibrate the superlattice

position by taking images of the atoms after moving them by a well known amount.

In this section, we move the atoms along the x�lattice using two methods. First,

we change the relative lattice polarization angle of the trapping lattice. To reiterate

from chapter 2, we have counter propagating beams with linear polarization for the

trapping lattice. We denote lin � ✓ � lin as the lattice polarization configuration

where the polarization axes of the two beams are at a relative angle of ✓. As we

increase ✓ from zero, the trapping lattices for the |4,�4i (spin-up) and |3,�3i (spin-
down) states are displaced in opposite directions. The trapping lattice depths also

change as a function of ✓, being maximized for ✓ = l⇡ and minimized for ✓ = (l+ 1
2)⇡.

Here l is an integer number. The direction of the quantization axis also factors in

to determine how much the lattices displace and what the trapping depths are for

a particular ✓. When the quantization axis is along the z direction, which is the

direction we choose for pre-selection and imaging, the trapping lattice will disappear

completely at lin � 90� � lin. Therefore, this is not a good bias field direction for

moving distances of more than �/8. For maximum trap depth in the lin� 90� � lin

configuration we chose the quantization axis along the trapping lattice direction (x

direction in our setup) while moving the atoms.

We start with the bias field along the z direction for the pre-selection of atomic

qubits. We adiabatically change the bias field direction, for a time span of 0.5ms,

to be along the x direction and move the atoms by changing ✓. Once the trap-

ping lattices for the spin-up and spin-down states are each shifted by ±l�4 , which

corresponds to ✓ = l⇡, the trap depth is again maximum and independent of the

quantization direction. The atoms are moved with a linear ramp in ✓ and takes

0.5ms. After moving the atoms, we adiabatically bring the bias field direction back

to be along the z direction and acquire a resonance image.

Figure 5.4 (a) shows how the lattice positions change for ✓ = {0�, 180�, 360�}
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Figure 5.4: Moving atoms via varying the trapping lattice angle. (a) Schematic
of lattice positions for three lattice angles. Red (blue) potential is the lattice for
spin-up (spin-down) states. (b) Lattice displacement of spin-down lattice vs lattice
angle. Red markers show where we get resonance images. (c) Images for various
lattice angles shown in color plots. Red colors indicate higher resonance signal while
blue colors indicate lower signal. (d) Center of the Gaussian fits for each image as
a function of lattice angle (red marker), and a linear fit of the data (orange line).
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angles. Only three periods of the trapping lattice are shown in order to illustrate

how the trapping lattices move with respect to one another. For example when

✓ = 360� the spin-up lattice moves one lattice site to the left, and the spin-down

lattice moves one lattice site to the right. Figure 5.4 (b) shows the spin-down lattice

position with respect to ✓, when the bias field is along the x direction. The red

markers indicate the positions where we obtain image data. The 1D images are

shown in figure 5.4 (c) as color plots along the vertical axis. The images are plotted

as a function of the voltage (VSRS) programed into an arbitrary waveform generator

(SRS DS345) controlling the superlattice displacement. The Pockels cell along the

trapping x�lattice, which controls ✓, actually has a range of only ±190�. In order

to get the data for 360� we prepare the atoms at ✓ = �180� and changed the lattice

angle to ✓ = 180� for the image. This technique enables us to move the atoms

by double the range compared to starting at ✓ = 0�. Five images are shown from

✓ = �360� to ✓ = +360�. We fit these images with Gaussian functions and plot

the center of the fits as a function of ✓ in figure 5.4 (d). The red markers are

the experimental data and the orange line is the linear fit. The slope of this fit

(1.5182VSRS/✓) gives us the calibration factor for the superlattice displacement as

function of the control voltage. Also, from section 4.4 we know that the maximum

range of superlattice phase change is �' = 100� which corresponds to 10VSRS.

Therefore,

1VSRS = 10� phase shift = 0.779µm. (5.1)

With this calibration factor we can calculate the corresponding superlattice angle

⌘ to be 1.739�. This calibrated angle matches very well with the geometrical mea-

surements of the superlattice angle which is ⌘ = 1.74�.

We can also move the atoms along the x�lattice using a di↵erent method, i.e.,

microwave driven transport. [26, 39, 48, 54, 56] This method does not rely on

perfect lattice angle (✓) calibration for all angles, only lin � 0� � lin alignment

should be well calibrated. Similar to the previous experiment, we pre-select atoms
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Figure 5.5: Microwave driven transport of atoms by one lattice site. (a) Schematic
of the process used to move the atoms by one lattice site. Red (blue) potential is
the lattice for spin-up (spin-down) states. Green arrow depicts a microwave driven
spin flip. (b) Resonance images before and after transport. Solid lines are Gaussian
fits.

and image the atom with the bias field along the z�axis. As the atoms are moved,

the bias field is along the x�axis and the bias directions are changed adiabatically

in 1ms. Notably, we turn o↵ the superlattice during this process in order to keep

the transition frequency constant before and after moving the atoms. Figure 5.5

(a) shows the sequence for moving the atoms by one lattice site, while the bias field

is along the x direction. We start with ✓ = 0� and ramp the angle to ✓ = 180�

in 0.5ms. We apply a relatively short microwave ⇡�pulse, square amplitude with

0.1ms width, to flip the spin of the qubits to spin-up. We then bring ✓ back to

0�. This process will not only move the atoms by one lattice site, but it will also

change its spin state. Thus, we will be measuring the spin-up qubits instead of the

spin-down qubits, when we image the moved atoms. Figure 5.5 (b) shows images

of the atoms before and after the microwave driven transport. The calibration of

control voltage to superlattice position using this method (1VSRS = 0.778µm) agrees
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with the previous method, deviating by only 0.1%.

5.2.3 Transition Frequency to Lattice Site Position Calibration via Magnetic Field

Control

In chapter 6 we will be addressing atoms in the frequency domain, and therefore

need an accurate calibration of transition frequency to lattice site position. This

calibration factor is non other than the maximum slope of the di↵erential light shift

in figure 4.13 for a small range of sites near this point. Although the calculations

in section 4.1.3 can predict the slope of the di↵erential light shift, confirmation

via experimental measurements is important as this number is essential for proper

addressing. We measure this calibration factor using the precise control we have

of the magnetic fields. In chapter 3 we used the 3 loop precision coils to null the

AC magnetic field at the atomic cloud. We use the same precision coils to apply

an accurate magnetic field o↵set during the time of the imaging microwave pulse.

We measure the e↵ects of this field o↵set in the resonance image to calibrate the

frequency to position mapping that the superlattice provides.

We start by measuring the time-dependent magnetic field via the atomic qubit

transitions, which process is described in detail in section 3.3. Figure 3.11 (b) shows

the measured transition frequencies as a function of time. Typically, in order to null

this time dependent field we apply the inverse of the measured field. However, we can

also apply a well known and well controlled field o↵set of ±1kHz and ±2kHz only

during the imaging pulse. Note that the pre-selection pulse and the imaging pulse

are Gaussian pulses centered at 2.5ms and 11.5ms, respectively. Both pulses have

a window of 3ms and RMS width of � = 0.5ms. Due to the magnetic field o↵set

during the imaging pulse the superlattice position that maximizes the resonance

signal changes depending on the di↵erential light shift slope. For larger slopes the

change in resonant superlattice position is smaller. Also, half of the atoms will seem

to shift towards the +x direction while the other half towards the �x direction. This
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(a) (b)

Figure 5.6: Calibration of frequency to position mapping. (a) Resonance image
with (blue) and without (red) a field o↵set of 2kHz during pre-selection pulse. (b)
Frequency separation of the two resonance peaks versus the applied field o↵set.

is because half of the atoms see a positive slope while the other half see a negative

slope. Therefore, the single peak image will split into two peaks by an amount

proportional to the applied field o↵set. It should be well understood that this is not

an observation of atomic displacement or tunneling, but simply an artifact of two

distinct mappings of frequency to position. Figure 5.6 (c) shows an example of the

image splitting into two peaks when a 2kHz field o↵set was applied. In figure 5.6

(d) we fit the two peaks with Gaussian functions and plot the distance between the

two centers as a function of the applied magnetic field o↵set. The linear fit (orange

line) of the data (red markers) is a measure of the frequency to position calibration

factor. Here we measure the peak separation to be 0.461µm/kHz which corresponds

to a di↵erential light shift slope (�) of

|�| = 4.35kHz/µm = 1.85kHz/site. (5.2)

This measurement agrees with the calculations in section 4.1.3.
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Figure 5.7: E↵ects of the superlattice di↵erential light shift on the resonance image
resolution. (a) Small di↵erential light shift gradient. (b) Large di↵erential light
shift gradient. Red markers indicate the atom positions. Red plots to the right are
expected resonance images.

5.2.4 Resolution of Resonance Imaging

There are two aspects of the experiment that determine the resolution of the reso-

nance image, the spectral resolution and the gradient of the superlattice di↵erential

light shift. The spectral resolution is determined by the microwave pulse length,

inhomogeneous broadenings from external perturbations, and homogeneous broad-

enings from decoherence of the trapped qubits. For a given spectral response we

can increase the resolution by increasing the gradient of the di↵erential light shift.

Figure 5.7 shows how the slope of the di↵erential light shift, at points where we pre-

select and image atoms, e↵ects the resolvability of the resonance peaks. Figure 5.7

(a) depicts the case where we have a slope that is relatively small, but large enough

to resolve the resonance peaks. The red markers indicate the atom positions, which

are separated by one trapping lattice site. A resonance image of such a system will

look like the vertical red plot on the right where we see three resolved peaks. If we
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Pre-selection Pulse Imaging Pulse
Blow F=4 Atoms

Time

t1 t2

(a)

Figure 5.8: Testing resolution and signal of resonance image. (a) Sequence of imag-
ing experiment. t1 and t2 are the RMS widths of the pre-selection pulse and imaging
pulse, respectively. (b) Resonance image RMS width as a function of t2 for several
t1 values. (c) Atom number as a function of t2. The atom number is shown in log
scale. Solid lines are calculations.

increase the slope by increasing the intensity or superlattice angle (see section 4.2

for detailed description) we can increase the resolution of the image. Figure 5.7 (b)

shows the case for a larger slope. Compared to (a), the resonant frequencies of the

three qubits are separated farther apart while the resonance peaks have the same

widths in frequency. The fact that the resonance peak widths are independent of

the di↵erential light shift gradient is key to having increased resolution. The width

of the resonance peaks in frequency is ideally a function of only the microwave pulse

length, ignoring any broadening due to errors.

In order to understand the limits of the resonance peak width in frequency, we

test the images as a function of the pre-selection pulse width and the imaging pulse

width in time. We also compare the data to calculations and examine a theoretical

limit. Figure 5.8 (a) shows a timeline description of an experiment that images pre-
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selected atoms. The pre-selection pulse and imaging pulses have Gaussian amplitude

envelopes with RMS widths of t1 and t2, respectively. The amplitudes of the two

pulses are scaled such that the areas are always ⇡. As described earlier, we expect

an image that is proportional to the convolution of the frequency distribution of the

pre-selected qubits and the atomic response of the imaging pulse. Assuming that

the atomic response of a microwave pulse is proportional to the power spectrum and

the pulse amplitudes are perfect Gaussians in time, we can estimate

�image =
1p
2

1

2⇡

r
1

t1
+

1

t2
(5.3)

where �image is the resulting image RMS width in units of kHz, when t1 and t2 have

units of ms. The 1/
p
2 factor in the equation accounts for the fact that the power

spectrum is the norm square of the Fourier transform.

Figure 5.8 (b) shows plots of the RMS widths of the resonance images as a

function of t2 for several t1 values. Generally, the resolution improves with longer

t2, but is limited depending on the length of t1. This trend can be interpreted as 1/t1

defining the size (frequency width) of the object, and 1/t2 determining the resolving

power of our resonance imaging technique. We calculate the response, shown as

solid lines, using a full simulation that evolves the Schrödinger equation and takes

into account the projective measurements. Figure 5.8 (c) plots the number of atoms

contributing to the signal, i.e., the area of the response. Note that the y�axis of this

plot is on a log scale. It is overall intuitive to see the signal decrease as the resolution

increases for longer t2. Also, as we increase t1 the size of the object decreases

which in turn reduces the signal. For both plots (b) and (c), the data matches well

with the calculations for t1 � 0.5ms. However, for t1 = 1.0ms the discrepancy

between the measurements and calculations are apparent. The disagreement of

the resolution (image RMS width) for t1 = 1ms in figure 5.8 (b) is approximately

0.1kHz corresponding to 23nm. The two main candidates that limit the resolution

are magnetic field fluctuations and superlattice position fluctuations. In chapter
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Figure 5.9: Band structure of atoms in the trapping lattice potential. First three
bands for |4,�4i and |3,�3i states are shown. We zoom into three bands and plot
them on the right hand side.

3 we discuss that we typically null our background magnetic field fluctuations to

approximately 30µG RMS. This amount of background field fluctuation will account

for transition frequency fluctuations of ⇠ 74Hz, or position measurement errors of

⇠ 17nm. In section 4.4 we measured the superlattice position fluctuation to be

⇠ 14nm for short timescales in the order of 1ms. Assuming that these two sources

of fluctuations are uncorrelated we can approximate the total fluctuation to be
p
17nm2 + 14nm2 ⇡ 22nm, which is close to what we observe in figure 5.8 (b).

The theoretical limit of the resolution, i.e., assuming infinite pulse lengths and

no inhomogeneous broadening, depends on the range of possible transition energies

between spin-down and spin-up states for a single trapped atomic qubit. In order

to find the range of transition frequencies we plot the band structure of an atom

trapped in our trapping lattice, shown in figure 5.9. The band structure for our

trapping lattice (140GHz blue detuned, 35kHz oscillation frequency) was calculated

by finding the eigenenergies of the hamiltonian for each quasi-momenta. We used
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numerical calculations1 to plot the first three bands for the |3,�3i (spin-down)

and |4,�4i (spin-up) lattice potentials. For the lattice depths that we have in

our trapping lattice, the bands are very flat across the quasi-momenta. A few

bands are magnified and shown on the right. The widths of the energy bands for

the lowest band (n = 0) are only 10 to 20mHz. We can directly subtract the

|4,�4; 0i energy band from the |3,�3; 0i energy band and see how much it varies

across the quasi-momenta. For n = 0 transitions, i.e., |4,�4; 0i ! |3,�3; 0i, the
transition energies will di↵er by only 8 ⇥ 10�3Hz. For higher bands the widths of

the energy bands increase along with the di↵erence in transition energies between

these bands. However, they are still extremely small compared to the power spectra

of the microwave pulses that we typically apply. The |4,�4; 1i ! |3,�3; 1i and

|4,�4; 2i ! |3,�3; 2i transitions vary by 0.43Hz and 9.8Hz, respectively. Assuming

all of our atoms are initially in the vibrational ground state (n = 0) and only

transitions between n = 0 states are allowed, the resolution limit will be 2⇥10�4nm.

Even if we assume all transitions are |4,�4; 2i ! |3,�3; 2i the resolution limit is still

only 2.0nm. Therefore, in terms of resolving the resonance images in our experiment,

we have deep enough lattices for the energy bands to be assumed perfectly flat

compared to the spectral response of the microwave pulse.

1MATLAB program: calc ave band param.m
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CHAPTER 6

ROBUST ADDRESSING OF QUBITS WITH COMPOSITE PULSES

In this chapter we describe a method using NMR type composite pulses to address

atoms in the trapping lattice. Compared to plain pulses, which do not have any

phase modulation, these composite pulses can be designed to apply gates with high

fidelity even when the control is imperfect, e.g. due to external fluctuations that

perturb the qubit positions and transition frequencies. As in the previous chapters

we use the position dependent superlattice potential, and address only along the x

direction. In order to simplify the task we keep the superlattice at a single position

during the composite pulse. Note that in reality, various errors induce position

fluctuations of the superlattice, described in section 5.2.4. We do not include these

fluctuations in our models for generating pulses and simulating outcomes. According

to this assumption, we are restricted to addressing in frequency, i.e., we do not

decouple the positive and negative gradients of the di↵erential light shift. Therefore,

in order to safely interpret the resulting images without any ambiguity, we prepare

the atoms symmetrically positioned in space, and address symmetrically with respect

to the prepared atoms.

In the following section, we first define the various imperfections of the experi-

ment which a↵ects the quality of a control, particularly applying single qubit quan-

tum gates with single sites resolution. Next, we describe our approach to making

the addressing robust against the experimental imperfections that we have defined.

spin-flips with single site resolution that are insensitive to these imperfections are

constructed and experimentally tested on pre-selected qubits. We show that even

when the pre-selected qubit planes are separated by one lattice site, we are able

to flip the spin of the qubit planes in only one of the sites without disturbing its
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neighbors. We extend this technique to quantum computational gates and show

experimental data which confirms that these composite unitary pulses are insensi-

tive to certain perturbations in the experiment, particularly imperfections of the

detuning. Typically, these perturbations will decrease the fidelity of the quantum

computational gate if plain pulses are used. The scheme that we use to apply com-

posite pulses for high fidelity quantum gates, despite small experimental flaws, is

designed specifically for our particular system. However, this technique can be easily

applied to many other platforms that use resonance based addressing,[49, 80] which

will be mentioned in chapter 8.

6.1 Experimental Errors that E↵ect Addressing Fidelity

There are many sources of errors in the experiment that make it di�cult to apply

a particular control, e.g. spin-flip a qubit in one site while leaving the qubits in the

adjacent sites untouched, with high fidelity. Various imperfections in the experi-

ment contribute to the overall infidelity of an addressed quantum gate in di↵erent

ways. Therefore, in order to design a composite pulse that is insensitive to these

experimental imperfections, it is important to distinguish di↵erent kinds of errors

according to their influence on the system. For a given system, some errors will be

easier to manage while others will be more di�cult or even impossible. The research

in this thesis targets imperfections of the applied microwave frequency with respect

to the qubit resonance frequency, and the objective is to apply high fidelity quan-

tum gates to only a specific set of atoms, even when we have perturbations in the

detuning.

Imperfections of the experiment come from fluctuations and erroneous o↵sets of

the background magnetic fields, microwave pulse parameters, and lattice parame-

ters . Instead of categorizing these errors depending on its source, e.g., mechanical

vibrations or electrical o↵sets, we group them with respect to how they a↵ect the

quality of addressing. First, we define time-dependent and time-independent errors.
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Relevant time scales are determined by the duration of a single pulse, which has time

scales from 0.1ms to 4ms. If a parameter of the experiment changes by a significant

amount from the beginning to the end of a pulse, the error is defined as a time-

dependent fluctuation. These fluctuations typically arise from sources that we will

group together under the term “noise.” Electrical noise is most commonly respon-

sible for these fast changing errors. Most prominently, AC power lines account for

background magnetic field fluctuations of 60Hz and its harmonics. In chapter 3 we

show how we null these AC fields to very small values. However, even after nulling

the background magnetic field to very low values, we cannot completely ignore the

e↵ects from these fluctuating fields, especially for longer pulses. High frequency

electronic noise from various electrical components, e.g., amplifiers and filters, has

the potential to contribute to various fluctuations of almost every parameter in the

experiment since almost all of the control and measurement is done via digital in-

put/outputs. This includes fluctuations of the control parameters for the microwave

pulse and EOMs. The servo lock for the lattice beam lasers (MBR-110) also has

a resonance at ⇠ 80kHz that can create light shift fluctuations. Vibrating mirrors

are a source of position and intensity fluctuations for the lattices, though we believe

they are now well controlled after upgrading the experimental setup in 2010.1 All

of the time-dependent fluctuations described above are extremely di�cult to model,

and for the first generation of experiments shown in this thesis, we will ignore their

presence when we design our composite pulses.

The type of error, that we define as a time-independent o↵set,2 is present when a

parameter of the experiment has a di↵erent value from what is intended or expected

by the experimentalist, but can be considered as being constant during relevant

time scales. Time-independent o↵sets derive from many sources such as inhomo-

1We measured mirror displacement due to vibrations of less than 8nm peak-to-peak with

Twyman-Green interferometers.
2In chapter 3 the term “o↵set” is used slightly di↵erently, for an error constant across space.
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geneities due to a large sample number, mis-calibration of the control parameters,

and time variations of parameters that are relatively slow compared to a single

pulse length. All of the inhomogeneity in our experiment should be evaluated af-

ter the pre-selection stage, since we re-initialize the system by removing unwanted

atoms and projecting all remaining atoms to |3,�3i (see section 5.1). The length

of the pre-selection pulse determines the distribution (inhomogeneity) of transition

frequencies in the prepared ensemble. As described in section 5.1, we measure transi-

tion frequency inhomogeneities of the pre-selected atoms from 0.25kHz to 0.37kHz

RMS. Another type of time-independent o↵set comes from mis-calibration of the

microwave frequency, and slow drifts of the background magnetic fields. These two

types of o↵sets manifest as errors in the detuning and are indistinguishable to the

atoms. One of the largest contributors to background magnetic field drifts in the

laboratory is the sun. Radiation from the sun induces electrical currents in the

ionosphere slowly changing the background magnetic field in 24 hour periods. (see

chapter 3) Solar flares and coronal mass ejections from the sun also create large

magnetic storms. The change in background magnetic field in the course of a day

is typically < 1mG = 2.45kHz, but could be as large as 2mG = 4.9kHz on some

occasions. The microwave frequency is much more stable and reproducible (< 1Hz)

with a fixed o↵set of �558Hz. Thus, mis-calibration is the most likely reason for

a o↵set. All of the time-independent o↵sets discussed above can be translated into

errors in transition frequency. We can depict these frequency o↵set errors in terms

of the di↵erential light shift like that shown in figure 6.1 (a).

In addition to frequency o↵sets, we also have unintended shifts in the atom and

superlattice positions. These shifts in position will be due to phase and polarization

o↵sets between interfering lattice beams. In our setup these position errors are

very limited compared to frequency o↵sets. The main reason is because we re-

calibrate the position of the pre-select atoms with respect to the relative position

between the trapping lattice and superlattice, in the beginning of each cycle of the
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(a) (b)

Figure 6.1: E↵ect of time-independent o↵sets on di↵erential light shift. The markers
indicate the di↵erential light shift during addressing at positions where atoms were
pre-selected. Green plots show the ideal case. We illustrate the case when errors are
present as red and blue plots. (a) Frequency o↵sets of qubit transition. (b) Position
o↵sets between superlattice and trapping lattice.

experiment. (section 5.1). Therefore shifts in position will only occur for relative

lattice displacements only during the time from the pre-selection pulse to the imaging

pulse, and can be depicted as in figure 6.1 (b). Collectively, frequency o↵sets and

shifts in lattice position both contribute to errors in frequency.

In a perfect system without any time-dependent fluctuations or time-independent

o↵sets we could use the same Gaussian pulse envelope that we used to pre-select and

image atoms, for addressing purposes as long as o↵-resonant excitations for neigh-

boring atoms are insignificant. However, in the presence of real world errors such as

those described above, a drop in fidelity of the quantum gates will be observed due

to imperfect resonance. This is illustrated in figure 6.2 (a) where we want to address

the atoms with a spin-flip gate at the center of the di↵erential light shift distribution.

The green line shows the spectral response of the microwave pulse. The markers

indicate the di↵erential light shift during addressing at positions where atoms were

pre-selected, and have error bars in frequency due to the imperfections shown in
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Figure 6.2: Addressing atoms at the center of the di↵erential light shift distribution.
We illustrate the errors in frequency due to e↵ects shown in figure 6.1 as error bars.
(a) Addressing using a Gaussian pulse with a narrow frequency response. (b) Robust
addressing with a broad region for addressing, sharp cut-o↵, and no o↵-resonant
excitation outside targeted region.

figure 6.1. If the markers are not perfectly aligned in frequency with the green line,

the qubits will be o↵-resonant with the microwave frequency and the fidelity of the

spin-flip will su↵er. Ideally we would like to address all the atoms with unit fidelity

within a “target region” that encompasses the region of error, such as that shown

in figure 6.2 (b). Outside of that target region, we would want a sharp cut-o↵ and

suppress any o↵-resonant excitation, i.e., do perfectly nothing, to neighboring lattice

sites. We accomplish this task to a high degree using numerically generated com-

posite pulses, which we will refer to as “composite addressing pulses.” The main

di↵erence between our composite addressing pulses and other well known composite

pulses developed for NMR, e.g., CORPSE and BB1,[67, 77] is the control of the

o↵-resonant excitation.(see appendix C) Typical NMR type composite pulses are

designed to be robust against detuning or amplitude errors, but do not suppress the

o↵-resonant excitation outside the target region. Our composite pulses can also go

beyond addressing only one targeted region, and can be used for addressing multi-
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ple regions independently and simultaneously. Note that for the composite pulses

in this thesis, we did not add robustness against microwave amplitude errors. This

second dimension of robustness can be added in future experiments. The following

sections will describe in detail how we generate these composite addressing pulses

and show experimental implementations.

6.2 Addressable Spin-Flips

We numerically generate a composite pulse that flips the spin state of a qubit from

spin-down to spin-up consistently across a desired interval of transition frequencies

and corresponding locations in the superlattice, while keeping the state of qubits

outside this region unchanged (spin-down). More specifically, we want to generate a

composite pulse that has a response function in frequency that resembles a top hat.

As an example, the target region for flipping the spin can be devised to be one unit

cell3 of the lattice. Then all atoms in the neighboring lattice sites will be left in the

spin-down state after the microwave pulse demonstrating site resolved addressing.

We numerically find a microwave pulse that can achieve this objective via uncon-

strained nonlinear optimization. We start from an initial state | 0i of spin-down for

all detunings (�). The target state | targeti that we want to arrive at is spin-up for

qubits within the target region of detunings and spin down outside the target region.

The initial and target state along with the Hamiltonian (H) are input parameters

for a numerical search algorithm (figure 6.3 (a)) that evolves the quantum state

according to the time-dependent Schrödinger equation. The optimization routine

searches for the optimal amplitude and phase of the microwave pulse that minimizes

a cost function. The cost function4 (Cstate) is defined using the average fidelity (F )

3This term can be understood analogously to that used in solid state physics
4The subscript “state” signifies that we are evaluating the fidelity defined between two states.

Later we will introduce another cost function Cunitary which evaluates the Hilbert-Schmidt distance

between two unitaries
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of the final state | fi with respect to a given target state | targeti for a spread of

detunings. The fidelity is defined by

F = |h target |  fi|2 (6.1)

The cost reflects the distance between the final and target states and can be written

as

Cstate =
1

N

NX

k=1

|1 � F (�k)|2 (6.2)

where Nk is the total number of discrete detunings (�k) we sample.

We apply some constraints to the optimization. First, the amplitude of the

microwave pulse is kept constant throughout the pulse length. Experimentally,

this is advantageous because many microwave electronic components have nonlinear

transfer functions, i.e., input-output relations, which cannot be exactly calibrated.

Through many numerical trials, we learned that phase modulation without any am-

plitude modulation provides enough control for the targeted outcome. The second

constraint is for the phase modulation to be piecewise constant with a fixed number

of steps (Nsteps). Typically we chose Nsteps = 64 or 128. For this case, the Hamil-

tonian will be piecewise constant, and thus numerically evolving the state with the

time-dependent Schrödinger equation will be straight forward. The necessary Nsteps

was determined empirically by observing the attainable fidelity of the simulated

response for a given optimization time. Finally, we keep the pulse length fixed at

2ms or 4ms. For longer pulses we have sharper features in the frequency response

function which leads to sharper cut-o↵s between target regions and adjacent regions.

The pulse lengths that we used were found empirically through numerical trial and

error. Under these constraints we can write the final state as

| fi = exp

✓
�i

HN
steps

~ �t

◆
exp

✓
�i

HN
steps

�1

~ �t

◆
· · · exp

✓
�i

H1

~ �t

◆
| 0i (6.3)

where �t is the time duration of a single constant-phase step. For each individual
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(a) (b)

Figure 6.3: Numerically generated composite pulse. (a) and (b) are the ampli-
tude and phase of a microwave pulse that flips the spin of qubits with transition
frequencies within a target region of |�| < 2kHz.

step we label the Hamiltonians sequentially in time from 1 to Nsteps. The value

of each phase step along with the amplitude of the pulse comprise the Nsteps + 1

optimization parameters. Figures 6.3 (b) and (c) show an example of the amplitude

and phase5 of an optimized microwave pulse that is 4ms long. For this pulse,

the target state was spin-up (spin-flip) for |�| < 2kHz (target region) and spin-

down (no spin-flip) for 2kHz  |�|  8kHz (adjacent regions). Detunings larger

than 8kHz were not taken into account in the pulse design, and no constraints

were imposed on the corresponding final states. In our numerical optimization

program6 the Hamiltonian was a simple two level system in the spin-up and spin-

down basis. We sampled detunings (�k) every 0.1kHz from �8kHz to +8kHz, for

a total number of 161 discrete detunings.

To test the frequency response of this numerically generated composite pulse,

we apply it to the entire range of transition frequencies present in the superlattice

prior to any pre-selection of qubits. All qubits with transition frequencies within

the target region of ±2kHz with respect to the carrier frequency will be in the spin-

5In the experiment the phase modulation is provided by a Tabor arbitrary waveform generator

(WW2572A-2).
6MATLAB program: /20111013 Pi-Pi imaging/OptimizeMWpulse 2level.m
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Figure 6.4: Microwave spectrum of the response of a composite spin-flip pulse. (a)
Expected top hat response of the composite addressing pulse. Simulations (orange
line) match well with the data. (b) Zoomed out version of (a).

down state, while qubits with transition frequencies outside the target region but

still within ±8kHz will remain in spin-up. In order to check if the qubit response

resembles what we expect, i.e., a top hat function, we remove all qubits in the

spin-up state with a blower beam (same laser beam used for pre-selection) and

subsequently obtain a microwave spectrum. The microwave spectrum is obtained

using Gaussian ⇡�pulses (0.5ms RMS width) with adjustable carrier frequencies

(fspec). We measure the population in the spin-up state after the Gaussian pulse

via Stern-Gerlach analysis for a range of fspec values. This procedure generates

a spectrum that is a convolution of a top hat function and a Gaussian function

(RMS width 0.23kHz), corresponding to the frequency response of the composite

addressing pulse and the the Gaussian ⇡�pulse, respectively. Figure 6.4 (a) shows

a microwave spectrum obtained with this method. The spectrum clearly shows a

top-hat shape, which is what we need for robust addressing. The experimental data

matches well with simulations. Note that microwave amplitude errors and time-
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Figure 6.5: Bloch vector evolution for composite addressing pulses. An example of
the evolution for a qubit with transition frequency (a) in the target region, � =
�0.5kHz and (b) in an adjacent region, � = �5.6kHz. Initial (blue) and final
(red) Bloch vectors are shown along with its trajectory on the Bloch sphere. The
trajectory line starts out blue and gradually turns red. The trajectory of the qubit
state during the pulse is very complex and non-intuitive, but the qubits end up in
their targeted final states after the pulse has ended.

dependent fluctuations will result in a small population in the spin-up state within

the target region, and a small population in the spin-down state outside the target

region. Therefore when we measure the spin-down population in figure 6.4 (a) we are

measuring the fidelity within the target region and the infidelity outside the target

region. Figure 6.4 (b) is a microwave spectrum from the same experiment as (a), but

taken for a larger range of microwave frequencies. For the region |�| > 8kHz, the

spectrum reflects qubits being driven in a non-intuitive way. This behavior of the

o↵-resonant atoms shows that the composite addressing pulses have very di↵erent

atomic responses compared to plain pulses.

Qubits states within the target region (|�| < 2kHz) do not follow an intuitive
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Figure 6.6: Experimental procedure for demonstrating robust addressing.

trajectory when undergoing a spin-flip. Also, the qubit states in the adjacent regions

(2kHz  |�|  8kHz) undergo similarly complex evolutions, but return to their

initial spin state at the end of the control pulse. Figure 6.5 shows two examples of

Bloch vectors, corresponding to two di↵erent detunings, evolving around the Bloch

sphere due to the composite addressing pulse.

We apply the composite spin-flip pulse to pre-selected atoms. The experimental

procedure is shown in figure 6.6. We first prepare three planes of atoms within a

superlattice domain using the same method used in figure 5.3. For this experiment

the planes are equidistant, i.e., they are symmetrically placed. The composite spin-

flip pulse that we made above for figure 6.4 has a target region of 4kHz. In order to

directly test this pulse we prepared atoms separated by 4.9kHz or 2.65sites shown

in figure 6.7 (a). The composite spin-flip pulse was applied with a carrier frequency

such that the target region would be aligned with the center lattice site. After

applying the composite spin-flip pulse we remove the spin-up atoms once again with

the blower laser beam. Finally, we apply an imaging pulse and obtain an image.

The red plot in figure 6.7 (a) shows an image before applying the composite
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(a) (b)

Figure 6.7: Spin-flip addressing. We prepare three planes of atoms within a superlat-
tice domain and address (spin-flip) only the center plane of atoms. Blue plots show
spin-flip addressing with the composite addressing pulses that we numerically gen-
erate. Green plots show addressing with Gaussian pulses with 0.5ms RMS widths.
The atoms are separated by (a) 2.65 lattice sites and (b) one lattice site. Solid lines
are Gaussian fits.

spin-flip pulse. The blue plot shows an image after we have flipped the spins of only

the atoms located in the center. This image shows that the composite addressing

pulse can flip the spins of atoms within the target region with high fidelity. If we

use a plain Gaussian ⇡�pulse, identical to the pre-selection pulse with 0.5ms RMS

width, for spin-flip addressing we see that the addressing is clearly inferior to the

composite spin-flip pulse. The reason for this discrepancy is because the ensemble

of the pre-selected atoms have a distribution of qubit transition frequencies. The

Gaussian pulse addresses the atoms with unit fidelity only for perfectly resonant

atoms. The fidelity quickly drops as the magnitude of the detuning increases, unlike

the composite addressing pulse which has a flat region of near unit fidelity. Figure

6.7 (b) shows a similar experiment where the pre-selected atoms are separated by

exactly one lattice site or 426nm. A di↵erent 4ms composite spin-flip pulse was
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Figure 6.8: Simulation and data for spin-flip addressing center atoms. (a) Simu-
lations of the atomic response to a composite spin-flip pulse. (b) Simulations of
spin-flip addressing using Gaussian pulses of various RMS widths. (c) Experimental
Data of (b). Solid lines are Gaussian fits to the data.

generated with a target region of 1.85kHz designed to robustly address precisely

one lattice site, i.e., address across one unit cell. The data shows that the composite

spin-flip pulse can address with high fidelity even for single site resolution in our

system. This shows that when we have errors in the experiment, which can be

represented as an inhomogeneous distribution of qubit transitions, a composite pulse

can flip the spin of the atoms in a targeted lattice site while leaving the neighboring

sites una↵ected with much higher fidelity than a plain gaussian ⇡�pulse (identical

to the pre-selection pulse.)

Figure 6.8 (a) shows simulated data for addressing the center atoms with a

composite spin-flip pulse.7 The exact same composite pulse that we use in the ex-

periment for figure 6.7 (b) was used in the simulations. Simulations match well

with what we see in figure 6.7 (b), i.e., robust addressing is observed. As a fair

comparison to composite spin-flip pulses, we can try to optimize the Gaussian pulse

width for better addressing. Due to the wide wings in frequency of the Gaussian

7MATLAB program: /20111014 Pi-Pi imaging Unitary/GetSpec 3ini GausAdd.m
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response, the optimal parameters will be highly dependent on the particular ex-

periment. For example, the Gaussian addressing in figure 6.7 (a) will be easier to

improve than (b) by decreasing the pulse width in time and therefore increasing the

addressing width in frequency. Figure 6.8 (b) shows simulations where we try to

optimize the case where the atoms are separated by one lattice site, i.e. figure 6.7

(b). We simulate resonance images for various widths of the addressing Gaussian

⇡�pulses.8 We scale the amplitude accordingly in order to keep the pulse area al-

ways ⇡. As we shorten the width of the Gaussian addressing pulse, the frequency

range of spin-flips increases and the fidelity of spin-flips is improved for qubits within

the region we want to address. However, once we start to see high fidelity spin-flips

of the center atoms, comparable to the performance of composite spin-flip pulses,

the adjacent atoms also start to undergo spin-flips. This can be seen for 0.1ms RMS

width Gaussian pulses (purple dashed line) where the adjacent peaks have become

smaller. The Gaussian addressing is much worse in the actual experiment compared

to the simulations, which is best seen for the � = 0.5ms data. This is because in the

simulations we only account for one type of error, i.e., the inhomogeneous transition

frequency distribution of the pre-selected atoms. In reality, there are many other

errors present in the experiment that will a↵ect the qubit evolution. Qualitatively

the experimental data follows the trend of the simulations, and we start to see adja-

cent atoms being addressed due to o↵-resonant excitations for pulses of 0.1ms RMS

widths.

We can add additional o↵sets in position to the already existing inhomogeneous

distribution of qubit positions incorporated during pre-selection. Figure 6.9 shows

images when we intentionally intentionally shift the frequencies of our target atoms

(center atoms) relative to the frequency range of the addressing pulse. We do this

by displacing the pre-selected atoms while keeping the composite addressing pulses

fixed in frequency and space. For this experiment we had two lattice site separation

8MATLAB program: /20111014 Pi-Pi imaging Unitary/GetSpec 3ini RobAdd.m
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Figure 6.9: E↵ect of additional position o↵sets when addressing atoms (two site
separation of atoms). Images after spin-flip addressing for various position o↵sets
with respect to the targeted region for addressing. The solid lines are Gaussian fits
to the resonance peaks. (a) Composite spin-flip pulse. High fidelity addressing is
shown even for +0.5site position error. (b) Gaussian addressing with 0.1ms RMS
width ⇡�pulse. The fidelity of the spin-flip is very sensitive to additional position
errors.

between the atomic planes and images were taken at various displacements from

�0.75sites to +1site. In figure 6.9 (a) we applied a composite spin-flip pulse with

a target region of two lattice sites (3.7kHz). We can displace the atoms within a

range of approximately 0.75sites and still get very good addressing of the center

atoms. For figure 6.9 (b) we used a Gaussian pulse of 0.1ms RMS width for spin-

flip addressing. Since we have well separated atoms compared to figure 6.8 (c),

the adjacent atoms are not significantly a↵ected when no additional displacement

o↵set is applied (green plot). However, even small position o↵sets of 0.25sites will

e↵ect the addressing of the center atoms. Clearly the Gaussian addressing pulse is

extremely sensitive to the additional errors in position that we have imposed.

We can also test the addressing with additional position o↵sets when the atom

separations are one lattice site, such as in figure 6.7 (b). We only test the composite
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Figure 6.10: E↵ect of additional position o↵sets when addressing atoms (one site
separation of atoms). Composite spin-flip pulses were used for addressing the center
atoms.

spin-flip pulse for this atom separation since there is no Gaussian pulse that can

address with single site resolution for this situation. The data is not as clear as 6.9,

but there is a range of position o↵sets where we can still address the center site

reliably.

6.3 Addressable Quantum Computational Gates

We modify this technique of using composite pulses for spin-flip addressing, in or-

der to apply quantum computational gates to atoms in target regions. Spin-flips,

or NOT gates, are classical gates that do not have coherence information. In the

previous section we generated composite spin-flip pulses by searching for high fi-

delity state-to-state maps, i.e., a map from spin-down to spin-up. There are an

infinite number of unitary evolutions that can accomplish this. Thus, the optimized

addressing pulse that the search algorithm finds may well converge on a di↵erent

unitary for each detuning across the target region. Note that a state-to-state map

that takes spin-up to spin-down also takes spin-down to spin-up. However, it does

not specify the axis around which the Bloch vector is rotated. For example, if the
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initial state were along the x�axis of the Bloch sphere, this state map will not nec-

essarily map all of the qubits within the target region to �x. Similarly, we cannot

make a ⇡/2�pulse by designing a state-to-state map that sends a spin-down state

to a state along �y, and stringing two of these pulses together will not necessarily

produce a ⇡�pulse. Imposing some constraints to the state-to-state map search

algorithm can perhaps lead to finding consistent unitary evolutions across a tar-

get region. However, we will not be able to accurately specify the actual unitary

evolution that the qubits will be subjected to.

In order to search for an optimal unitary, we define a new cost function (Cunitary),

Cunitary =
1

N

NX

k=1

��Uf (�k) � Utarget(�k)
��2

HS
(6.4)

where k kHS denotes the Hilbert-Schmidt norm. Uf (�k) and Utarget(�k) are the

final and target unitaries at the detuning �k. We start with an initial unitary of I
(identity). For the qubit system we are handling, this is the matrix

I =

0

@ 1 0

0 1

1

A . (6.5)

We evolve the unitary according to the equation

i
@

@t
U(t) = H(t)U(t) (6.6)

for a given composite pulse. The constraints for the pulse optimization are identical

to the state-to-state mapping case, i.e., constant amplitude, fixed number (Nsteps) of

piecewise constant phase steps. An unconstrained non-linear optimization9 finds the

microwave pulse parameters that minimize Cunitary. Although this task of generating

a unitary seems like it could be much more di�cult compared to generating a state-

to-state map, in our case the number of optimization iterations that it takes to

generate composite pulses of similar quality appears not to be noticeably di↵erent.

9MATLAB program: /20111019 Pi-Pi imaging Unitary/OptimizeUnitary.m
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This could be due to the low dimensional (qubit) space that we work with. Rigorous

comparison of the optimization e�ciencies is di�cult because the two optimization

routines have two di↵erent functional forms for the cost functions Cstate and Cunitary,

in equations 6.2 and 6.4, respectively.

As an example of an addressable quantum gate, we generate a composite ad-

dressing pulse that executes a ⇡/2�gate (ei�x

⇡/4) within a target region and the

identity operation outside of that region. We pre-select three planes of atoms sep-

arated by 3.7kHz (two lattice sites). The atoms in the center (A) are those that

we want to address, and there are atoms to the left (L) and right (R) of A. The

target region is also designed to be 3.7kHz wide and is aligned to address only A.

Unlike spin-flip gates (state-to-state maps), we cannot assess the performance of our

composite unitary pulse with only one pulse and one image. We need to string at

least two composite pulses together in order to show that the pulse corresponds to

a unitary instead of just a state-to-state map. Many images with di↵erent pulse

combinations and phase settings are also required to extract the coherence (phase)

information. In our experiment, we implement two composite ⇡/2�pulses with a

variable phase o↵set for the second pulse. Figure 6.11 (a) shows a schematic of

the two pulse experiment. We start with the Bloch vectors of all the atoms (L, A,

and R) along spin-down. The first pulse we apply to these atoms is the composite

pulse described above (composite ⇡/2�pulse). This pulse sends the Bloch vector

of A to be along �y, while keeping L and R along spin-down. The second pulse

is a modified version of the first pulse, obtained by adding a constant phase o↵set

(�) to the phase modulation. For L and R, the second pulse will still apply the I
operation regardless of the phase �. However, for A we apply a second composite

⇡/2�pulse with a phase shift of � with respect to the first pulse. This can be seen

as the torque vector for the second ⇡/2�pulse being rotated around the z�axis by

an angle �, compared to the first ⇡/2�pulse. This results in having a final qubit

state that is dependent on the phase (�). For example, if � = 0� the two pulses
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Figure 6.11: Experimental testing of addressable quantum computational gates (uni-
taries). (a) Schematic of the experimental procedure. L (left), A (addressed), and
R (right) atoms are prepared. The timeline of the experiment progresses downward.
The Bloch spheres show the qubit states of the atoms within the region before and
after the two pulses. The Bloch vectors for A after the second pulse reflects the many
di↵erent outcomes depending on the value of �. (b) Experimental data showing a
collection of many images. Each vertical slice is a 1D image. Red (blue) indicates
higher (lower) resonance signal. The images are ordered with respect to the phase
(�) of the second pulse. (c), (d), and (e) show the areas of the Gaussian fits of L,
A, and R as a function of phase (�). Solid lines are the calculations.
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are identical and combine to make a ⇡�pulse, and the spins for A are flipped. If

� = 180� the second pulse reverses the first pulse and the qubits in A are sent back

to their initial state (spin-down). This experiment can also be thought of as a type

of Ramsey interrogation where the coherence of the pulses are tested.

The experimental results are shown in figure 6.11 (b). Each vertical slice is a 1D

resonance image where the color scale indicates the height of the image. There are

13 images for every 30� phase shift from 0� to 360�. Coherence fringes are observed

for only A, while L and R are kept at a constant image height. We fit the 1D images

with three Gaussians and plot the areas of the fit functions corresponding to L, A,

and R as a function of the phase in figure 6.11 (c), (d), and (e), respectively. The

solid lines are the calculations, which suggest that for A the coherence fringe should

be minimum at � = 0�, 360� and maximum at � = 180�. The calculations were

done with a full model evolving the Shrödinger equation and applying the gener-

ated composite pulses for the simulated images.10 The amplitude of the calculated

signal was a free parameter to fit to the experimental data, which then agrees with

the calculations to within the error. Some of the correlated fluctuations in the data

between figure 6.11 (c) and (e) are due to fluctuations in the total number of atoms

loaded into the trapping lattice. This atom number fluctuation could also have con-

tributed to shifting the central fringe in figure 6.11 (b) to peak at � = 210� instead

of � = 180�. Note that the error bars shown in the data take this atom number

fluctuation into account. This data shows that we have made robust unitaries that

can be addressed to a target region while leaving the adjacent regions untouched.

6.4 Addressing Quantum Gates to Multiple Sites

We can extend this concept of using composite pulses even further to simultaneously

apply independent quantum gates to several sites. Instead of applying the identity

operation to the adjacent regions, we can numerically generate a composite pulse

10MATLAB program: /20111126 PiO2CohFringePlotSim/PiO2CohFringeSim.m
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Figure 6.12: Experimental testing of addressable quantum gates applied to multiple
sites. (a) Schematic of the experimental procedure. AL (addressed; left), A0 (ad-
dressed; center), and AR (addressed; right) atoms are prepared. The set of Bloch
vectors shown in the Bloch spheres after the second pulse reflects the many di↵erent
outcomes depending on the value of �. (b) Experimental data showing 13 1D images
as a function of � (the phase o↵set of the second pulse). (c), (d), and (e) plots the
areas of the Gaussian fits of AL, A0, and AR as a function of phase (�). Solid lines
are the calculations.
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that applies any kind of unitary consistently across some arbitrary region that we

specify. As an example of this ability, we generated a composite pulse that applied a

Hadamard-gate for detunings |�| < 0.93kHz and a ⇡/2�gate (ei�x

⇡/4) for detunings

0.93kHz  |�|  2.8kHz. The experimental procedure that we undertook is shown

in figure 6.12 (a). In order to test this composite pulse, we pre-selected three sets of

atoms separated by exactly one lattice site (1.85kHz) and targeted the composite

pulse to these atoms. Now, all three sets of atoms are being addressed, instead of

just the center atoms, and we label them as AL (addressed; left), A0 (addressed;

center), and AR (addressed; right). All qubits are initially in the spin-down state.

A Hadamard-gate will be applied to A0, while a ⇡/2�gate will be applied to AL

and AR. After this pulse the Bloch vectors of all three sets of qubits will end up at

the equator. The Bloch vector for A0 will be along �x, while those for AL and AR

will be along �y. In order to evaluate that we actually achieved this objective, we

subsequently apply a composite ⇡/2�pulse with a variable phase �, similar to the

experiment above in figure 6.11. This second pulse, however, is generated to have a

much wider addressing range such that it applies a ⇡/2�gate across all three qubit

planes, i.e., AL, A0 and AR. Like the previous experiment we change the phase of

the second pulse by adding an o↵set to the phase modulation. The torque vector

for this pulse has an angle of � with respect to the x�axis. The final qubit state

for all three sets of atoms will depend on the phase (�) of the second ⇡/2�pulse.

Therefore, we will observe coherence fringes for not only A0, but also AL and AR.

Figure 6.12 (b) shows a plot consisting of 13 1D images for every 30� phase o↵set.

Coherence fringes are indeed observed for all three sets of atoms. Figures 6.12 (c),

(d), and (e) show the areas of the Gaussian fits of AL, A0, and AR, respectively. The

solid lines show the calculations11 which match well with the data. There is a 90�

phase shift of the coherence fringes between A0 and AL (AR). This can be intuitively

understood by observing the Bloch vectors after the first pulse. The Bloch vectors

11MATLAB program: /20111127 HadPiO2CohFringePlotSim/HadPiO2CohFringeSim.m
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for AL and AR are 90� rotated by the z�axis with respect to the Bloch vector for

A0. Since the phase of the second pulse (�) also corresponds to a rotation of the

torque vector by the z�axis, a 90� shift of � for AL (AR) will produce the same

spin-down population as that for A0. Therefore, the coherence fringes of A0 and

AL (AR) will look identical other than a 90� phase lag. This experiment shows that

we can apply independent arbitrary quantum gates (unitaries) to multiple unit cells

across a 1D lattice.
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CHAPTER 7

RANDOMIZED BENCHMARKING OF ADDRESSABLE QUANTUM GATES

In this chapter we analyze the imperfections of the composite pulses, and apply

a benchmarking sequence to quantitatively measure the average error for a given

set of quantum computational gates. This benchmarking process for single qubit

gates was first proposed by Knill et al. [46] This procedure has quickly become

the predominant benchmarking method for testing and comparing quantum gate

performance on various platforms [6, 15, 62, 68]. There are many advantages of

using this method for evaluating the performance of quantum gates. First, this

method decouples the measurement of initialization and readout errors from the

measurement of quantum gate errors. Secondly, the average fidelity that we obtain

is independent of a particular gate, or a sub-sequence of gates with correlated errors,

because the gate sequence that we apply is randomized. Finally, the error per gate

measurement is independent of particular random experimental changes that may

occur during the sequence since the fidelity of many sequences are averaged as a

function of the applied computational gates (CG). We describe how we modified

our pulses in order to obtain an accurate measurement of the average error per gate

(✏). Following the process, we measure the average decay in output state fidelity as

a function of number of applied computational gates, and extract the average error

per gate. For our setup we measure ✏ to be 2 ± 0.9%.

7.1 Sources of Errors A↵ecting Composite Pulses

In chapter 6 we described how we incorporated robustness into the generated com-

posite pulses for time-independent o↵sets of frequency and position. However, the
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(a) (b)

Figure 7.1: Simulation of the spin-flip probability after applying a composite
⇡�pulse. (a) The optimization routine ran for ⇠ 8 hours. (b) The optimization
routine ran for ⇠ 14 hours. As the search time increases the optimization routine
finds parameters of the composite pulse that yield responses of higher fidelity.

composite pulses that we generate are not optimized to perfection. We stop the

optimization routine that generates the composite pulse at a reasonable tolerance

value due to limited computational time. Typically we let the computer1 run the

unconstrained nonlinear optimization routine for 10 to 20 hours when generating a

single composite pulse. Figure 7.1 (a) shows a simulation of the spin-flip probability

after applying a composite pulse that executes a ⇡ rotation around the x�axis for

the target region |�| < 2kHz. The pulse was 4ms long and had 128 phase steps.

For this figure we let the optimization routine run for approximately 8 hours. Al-

though the overall shape resembles that of a top hat, the fidelity is not perfect for

all detunings within |�| < 6kHz. The fidelity can be increased by letting the opti-

mization routine continue to search for a lower cost (equation 6.4). Note that the

cost function that is being minimized is proportional to the average infidelity across

the design range. Figure 7.1 (b) shows the simulated response of a pulse that was

1Dell OptiPlex 990, Intel Core i7-2600 @ 3.40GHz, 8GB RAM, Windows 7 Enterprise
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Figure 7.2: Finding the correct amplitude setting for composite pulses. (a) Spectral
response of composite spin-flip addressing pulse. Amplitude was set lower than the
optimal value and the profile does not look like a top hat. (b) Area of resonance
image in the adjacent region where identity (I) was applied 19 times. (c) Area of
resonance image in the target region where ⇡�gates were applied 19 times. For (b)
and (c) the blue solid lines are the quadratic fits.

optimized for approximately 6 more hours than (a). The fidelity of figure 7.1 (b) is

clearly better than (a), and we could have achieved better results if we optimized

further. This pulse was actually used in section 7.2 for the randomized benchmark-

ing measurements. Imperfect addressing is expected from this pulse according to

the simulations, especially when many of these pulses are applied sequentially and

errors accumulate.

Having an imperfect setting of the microwave amplitude for the composite pulses

is also a source of errors. We searched for the proper amplitude of the microwave

pulse in several di↵erent ways. First we observe the spectral response, such as that

shown in figure 6.4 (a), for di↵erent microwave amplitude settings. For the wrong

amplitude settings the microwave spectrum profile no longer resembles a top hat.

Figure 7.2 (a) shows the pulse response when the amplitude is set at a value that

is less than what is required. We can find the correct amplitude by searching for

the setting that produces the best top hat profile. Another method to calibrate



156

the amplitude is to observe the quality of spin-flip addressing of the pre-selected

atoms. Images after composite spin-flip addressing, such as those shown in figure

6.7, are taken for various microwave amplitudes and the amplitude that produces

the best quality addressing is searched for. We can also use a ⇡�gate unitary, or

several of them chained together as a similar method. A chain of an even number of

⇡/2�gates or Hadamard gates can also be used. For all these methods that measure

the quality of addressing, a larger number of chained pulses will result in a more

sensitive measurement for calibration. This is because the total pulse area of all the

chained pulses will scale with the number of pulses. As the length of the pulse chain

increases, o↵sets in the amplitude will lead to larger errors in the pulse area.

In figure 7.2 (b) and (c) we chain 19 composite ⇡�gates and changed the am-

plitude setting. For figure 7.2 (b) we fit the resonance image in the adjacent (right)

region to a Gaussian and plot the area as a function of the microwave amplitude

setting. In the ideal case, we applied identity (I) 19 times to these atoms and

they should be left in a spin state that is visible to the resonance imaging proce-

dure (spin-down). Therefore, the area of the resonance image is proportional to the

population of the intended final state (spin-down), which we maximize to find the

optimal amplitude setting. Figure 7.2 (c) shows a similar plot, this time for the

atoms in the target region. Since we apply a ⇡�gate an odd number (19) of times,

the atoms should undergo a spin-flip for the ideal case. The intended final state is

now spin-up and the area of the resonance image, which measures the spin-down

population, is proportional to the error. We minimize the area of the resonance im-

age in the target region to find the corresponding microwave amplitude setting to be

our working point. All three measurements to find the optimal amplitude setting in

figure 7.2 appear to be valid. However, they all suggest di↵erent optimal amplitude

settings, 0.825V , 0.737V , and 0.794V , respectively for (a), (b), and (c). These val-

ues are the voltage settings for the arbitrary waveform generator2 that controls the

2Tabor WW2572A-2
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Figure 7.3: Simulations of the AC magnetic field error. The simulations are based on
figure 6.11 (� = 0) where we apply two ⇡/2�pulses to the center atoms and identity
(I) to the adjacent atoms. We include magnetic field errors of various frequencies
with magnitude 100µG RMS into the simulations.

microwave pulse modulation. This discrepancy is partly due to the fact that qubits

with di↵erent detunings react di↵erently to over-driven and under-driven composite

pulses. Thus, setting the optimal amplitude value for the composite pulses is highly

non-trivial compared to plain pulses. Having time-dependent fluctuations of various

experimental parameters, which will be described below, also complicates the pro-

cess of setting the amplitude because of the possibility of compensating errors from

time-dependent fluctuations with an amplitude o↵set. For the randomized bench-

mark experiments in section 7.2 we chose the optimized amplitude given by figure

7.2 (c) as our working point.

The time-dependent fluctuations of experimental parameters associated with

transient turn-on times of the microwave pulse, and bandwidth limits of the dis-

crete phase modulation were measured. After close analysis both types of fluctua-

tions were considered to have insignificant e↵ects on the robust addressing. However,
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perturbations of the AC background magnetic field, which we null to some degree

(chapter 3), substantially impact the fidelity of the robust addressing. In figure

7.3, we included AC magnetic fields of {60, 120, 180, 240}Hz into the simulations of

figure 6.11 (� = 0). Each harmonic of 60Hz is independently included to the sim-

ulations shown in separate plots. The magnitude of the AC field was set at 100µG

RMS for all frequencies. This magnitude is a few times higher than the measured

background magnetic field of all the frequencies combined after field nulling (20µG

to 30µG). Without any perturbations in the magnetic field, the simulations show

good addressing (red solid line). When we add the AC magnetic field perturbations,

we see the addressing noticeably degrade, especially for frequencies of 120Hz (green

dashed line) and 240Hz (purple dotted line). These results are not universal for

all composite pulses, but rather depend highly on the design characteristics of each

composite pulse, e.g., target region, intended unitary, pulse length, and number of

phase steps.

All types of the errors discussed above, i.e., imperfect pulse generation, devia-

tions of the microwave amplitude from the desired value, and perturbations in the

background magnetic field, are present in the setup and their influence on the fi-

delity of the targeted quantum gate is considerable. However, they are small enough

to make it di�cult to accurately measure the infidelity of a quantum gate with just

one pulse. In this case, randomized benchmarking, described in the next section,

can be an e↵ective way to quantify the error associated with a composite pulse.

7.2 Randomized Benchmarking of Composite Pulses

The randomized benchmarking procedure for single qubit computational gates, de-

fined by Knill, can be described as follows. We initialize the qubit state to spin-down.

We then apply an alternating sequence of Pauli randomizations (PR) and computa-

tional gates (CG). A PR is either a major axis ⇡�pulse or an identity operator, and

all sequences begin and end with PR pulses. The unitary operators corresponding to
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Initialization Read-outPR CG PR CG PR CG PR⋅⋅⋅

PR and CG pairs
l

Figure 7.4: Randomized benchmarking procedure. After initialization there are
alternating Pauli randomizations (PR) and computational gates (CG). There are l
CG’s within the sequence which defines the length. The last CG is chosen such that
the qubit is an eigenstate of �z for readout.

a PR can be written as e±i�
p

⇡/2, where �p (p = x, y, z, I) are the Pauli operators. The
sign ± and p are chosen uniformly at random. A CG is an x, or y�axis ⇡/2�pulse,

which can be written as e±i�
c

⇡/4 where c = x, y. Again, the sign and c are chosen

uniformly at random except for the last CG within the sequence. This sampled set

of unitary operators (PR and CG) used in this benchmarking procedure are taken

from the Cli↵ord group for single qubits. The reason for restricting to Cli↵ord gates

is because typical fault-tolerant architectures, based on stabilizer codes, are most

sensitive to errors in these gates. Also, benchmarking with gates from the Cli↵ord

group ensures that the state after a pulse will always be an eigenstate of a Pauli

operator throughout the sequence. Therefore we can chose a final CG such that

the final state is an eigenstate of �z if the gate sequence has an overall fidelity of

one. This ensures that the last measurement is a von Neumann measurement of �z

and has a known, deterministic outcome in the absence of errors. The length of the

randomized pulse sequence is defined by the number of CGs. The average fidelity

(F̄ ) of many random sequences will slowly decrease as a function of the length of

the sequence reflecting the accumulation of errors. We can write this exponential

decay as

F̄ =
1

2
+

1

2
(1 � dif )(1 � 2✏)l (7.1)
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where ✏ is the average decrease in fidelity per randomized computational gate, which

we simply refer to as the “error per gate.” The depolarization probability from the

initialization and readout is dif , and l is the number of randomized computational

gates that are applied. For a completely depolarized qubit (l ! 1) the average

fidelity will drop to 1/2.

In order to get an accurate measurement of ✏, we need to obtain data for l � 1.

Previous experiments from other groups have done measurements for I ' 100 to

1000 [6, 15, 62, 68]. The composite pulses that we use for single site addressing are

4ms long. This pulse length is much longer than what other groups typically use

for their pulses. The closest example for comparison to our experiment would be

that done by Olmschenk et al., [62] with neutral 87Rb atoms trapped in an optical

lattice. Their computational gate pulses are only 31.05µs long, approximately 130

times shorter than our pulses. In our setup we could perform experiments with

procedures as long as 30ms. For this amount of time, we could only apply two 4ms

CG pulses, taking into account that we need to prepare and image atoms, and that

each CG pulse is accompanied by a PR pulse. This would definitely not give an

accurate measurement of ✏. Instead of using these 4ms pulses, we compressed the

pulse in time by a factor of 4 to make 1ms composite pulses. The reason for not

compressing further was because be were limited by the microwave power. After

compressing the pulse we could fit up to 8 CG pulses within our experiment.

Figure 7.5 illustrates how we compress the composite pulses and how this modi-

fication e↵ects the response. Figure 7.5 (a) depicts the amplitude (A) and phase (�)

of a 4ms composite pulse that applies a random PR or CG operator (R) within a

target region that is 1.85kHz (one lattice site) wide. The identity operator (I) will
be applied to the adjacent regions. The compressed version of this pulse is shown in

figure 7.5 (b), where we keep the same shape of the phase modulation but scale it in

time by a factor of 1/4, and the amplitude is increased by a factor of 4. The pulse is

now 1ms long and has a target region of 7.4kHz (4 lattice sites). The specific uni-
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Figure 7.5: Compressing the composite pulse in time. (a) Amplitude (A) and phase
(�) of typical 4ms pulse that we generated for single site addressing. The target
region of the response is one lattice site. (b) Compressed 1ms pulse. The shape of
phase modulation is kept the same while compressing. The amplitude is scaled by a
factor of 4. The target region of the response increases by a factor of 4. A “Random
unitary operator” (R) is applied to the target region, and the “Identity operator”
(I) is applied to the adjacent regions
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tary that is applied to the target region does not change after compressing the pulse.

The robust characteristics of the atomic response is also preserved, albeit the shape

of the response will be scaled in frequency by a factor of 4 such as that depicted

in figure 7.5 (b). The pre-selecting pulse (Gaussian) length was also shortened by

a factor of 4 in order for the atomic distribution of the transition frequencies to

scale appropriately with the target region. Under these conditions, the compressed

pulse (1ms) can be used to measure the errors that are inherent to the original pulse

(4ms), such as imperfect pulse designs and amplitude errors. Time-dependent er-

rors, however, will manifest di↵erently for these compressed pulses, and it is di�cult

to predict whether the fidelity will be a↵ected negatively or positively.

Another significant di↵erence between our experiment and those done by other

groups is that we used composite pulses even when applying identity (I) and �z

operators to the qubit states. The PR pulses corresponding to these operators

account for roughly one quarter of all the pulses applied to the qubits, including

the CG pulses. Other groups that have done this benchmark measurement did not

actively apply a pulse for these operations. Instead they change the Pauli frame

for all subsequent pulses after �z operations, i.e., �c ! ��c (c = x, y), and did

nothing for I operations, while still keeping the duration of a PR pulse. This cannot

be done in our experiment since we intentionally induce detuning inhomogeneity to

the ensemble of qubits with the superlattice. If we were to wait and do nothing

for a certain amount of time the qubits would rapidly dephase depending on their

detunings. In our experiment we generated composite pulses that actually applied

the I and �z operators to the target region. Note that while plain pulses do not

have the ability to directly apply �z operations, composite pulses have this ability.

The rest of the PR pulses, which apply �x and �y operations, were also nu-

merically generated with the same type of frequency response as the computational

gates. After the pulse applying the �x operation was generated from a new random

seed for the optimization, the pulse for the �y operation was made by adding a phase
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Figure 7.6: Average fidelity as a function of number of applied computational gates.
Green data is for the randomized gate operations (R) applied to the target region.
Purple data is for the identity operations (I) applied to the adjacent regions. Solid
lines are fits to the equation 7.1.

o↵set of 90� to the phase modulation. The CG pulses (e±i�
x

⇡/4 and e±i�
y

⇡/4) were

compressed versions of the pulses generated for figure 6.11 with � = 0� and � = 90�.

Conceptually, the random benchmark is a measure of the error for these CG pulses.

We applied a total of 16 randomized sequences generated via a uniformly dis-

tributed pseudorandom number generator. Each sequence was truncated at lengths

of l = {1, 3, 5, 8} and the output state fidelity was measured. The average fidelity

of the 16 sequences at the truncated lengths are shown in figure 7.6. Two fidelity

measurements were made, one for the target region (green) where we wanted to

apply the randomized PR and CG operations (R), and another for the adjacent

regions (purple) where the objective was to apply the identity operator (I). We

fit the data with the equation 7.1 (solid lines) and obtained an average error per

gate of ✏R = 0.020(7) for the R operations, and ✏I = 0.042(9) for the I operations.

The measurement of ✏R can be directly compared to the error per gate values from
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other groups. On the other hand, ✏I is a measurement of how well we did not af-

fect the adjacent regions, which is a quantity that is not typically measured. The

discrepancy we measure between ✏R and ✏I is not completely understood, but it is

likely that errors accumulate di↵erently when a variety of random gates are applied

(region R) compared to when only the identity operator is applied (region I) to the

qubits. These measurements show that Knill’s random benchmarking procedure can

be used to measure the error per gate for our composite addressing pulses. Our re-

search also demonstrates the di�culties we can expect when using composite pulses

for quantum computation, e.g, complications when using longer pulses. Although

these error per gate values do not reach the typically referenced threshold for fault-

tolerant error correction (1 ⇥ 10�4), they are within the range for being candidates

of scalable qubit-based quantum computation.[44] This achievement represents an

important first step towards developing robustly addressable and high fidelity gates

in optical lattices.

There are still many aspects of the experiment that can be improved for better

performance, such as the microwave amplitude setting and pulse design. These

subjects were discussed in section 7.1, and the future outlook of this method for

benchmarking the performance of our platform will be examined in chapter 8.
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CHAPTER 8

SUMMARY AND OUTLOOK

In this disseration we showed how we prepared atoms at well-defined positions along

the x direction within the optical lattice, and how we obtain site resolved resonance

images along this direction. These experiments were done in 1D as a proof-of-

principle. For future experiments we could increase the dimensionality of preparing

and imaging atoms. Extending this idea into 3D, by adding more superlattices in

orthogonal directions, is not as trivial as one might think. Recall in chapter 4,

we discuss the importance of choosing a particular bias field direction for a given

polarization configuration. In order to simultaneously address in 3D we would need

the bias field to not be orthogonal to any of the lattice directions, assuming we

chose a lin � 90� � lin configuration for the superlattices. This choice of the bias

field will compromise the amount of di↵erential light shift we obtain for a given laser

beam intensity. Other potential di�culties in having this type of configuration must

also be studied before implementation. Another way of solving this problem is to

prepare and address atoms one dimension at a time, while adiabatically changing

the bias field to each corresponding direction. This will increase the total time of

the experiment, testing the limits of how long we can null the background magnetic

field. These experiments will produce three independent statistical measurements in

1D, instead of one statistical measurement in 3D. This subtle discrepancy could lead

to some limitations in physical interpretations, particularly for 3D transportation

and multi-qubit experiments.

For measurements, we only used the destructive time-of-flight measurement, and

Stern-Gerlach analyses. Using continuous probe polarimetry measurements on the

preselected atoms could also lead to interesting physics. We could entangle subsets of
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atom ensembles at well-defined positions via the probe laser beam and superlattice.

Near-realtime measurements of the quantum state can also lead to more faster and

accurate measurement techniques for better quality data.

Another major accomplishment shown in this dissertation is the employment

of composite microwave pulses for robust addressing. As discussed in chapter 6

we did not break the symmetry of the positive and negative di↵erential light shift

gradients of the superlattice for robust addressing. In future experiments we could

dynamically control the position of the superlattice during the composite pulse to

distinguish the atoms on the positive and negative slopes of the superlattice di↵eren-

tial light shift. With appropriate calibration and numerical analysis, this should be

straightforward to implement since the system will still be deterministic according

to the Schrödinger equation, assuming no decoherence. We could devise a situa-

tion where the position of the superlattice is linearly ramped, or has two distinct

positions and an adiabatic transfer in-between the two positions, during a single

composite pulse.

We demonstrated in chapter 6 that the applications of these composite pulses

have much more potential than just single site addressing. As a first step we showed

the capability of three site addressing. With the right technical equipment we can

extend this procedure to address many more sites. There are two limiting factors for

this type of multiple site addressing. First, the bandwidth of the phase modulation

determines the number of lattice sites that can be controlled. As the need for

bandwidth increases the need for higher microwave power also follows in order to

minimize the pulse length in time. Second, the pulse length limits the maximum

sharpness of the spectral response, i.e. the resolution. Assuming no time-dependent

errors, longer pulse lengths give sharper features in the frequency response, therefore

higher fidelity. Increasing the frequency-to-position conversion, which is determined

by the slope of the di↵erential light shift at the frequency where the microwave

is applied, can ease the requirement for higher resolution addressing (longer pulse
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lengths).

We used randomized benchmarking procedures to measure the error per gate for

these pulses. There are many aspects of the experiment that we can improve in

order to decrease the error per gate to levels closer to those needed for fault-tolerant

error correction. First, we could try to make shorter composite pulses in order to

make them less susceptible to time-dependent background magnetic fields. We could

also use better (faster) optimization routines for pulse generation, such as GRAPE.

[42] More e�cient algorithms will enable us to generate many pulses from various

initial seeds and chose those that have better fidelities. For example, pulses that

are more robust against amplitude or time-dependent errors can be picked-out and

implemented. We could also intentionally add robustness against amplitude into

the numerical generation of the pulses. In terms of spin-flip addressing, instead of

targeting for a “1D top hat” response in frequency, we can target for a “2D top hat”

response in frequency and amplitude space.

As described in the introduction, there are various platforms using various tech-

niques pursuing to construct a viable quantum computer. Each platform has its

unique characteristics that other platforms cannot easily access. However, all plat-

forms studying quantum information also share many features such that the tech-

niques developed in one system can be used in another, and in some instances

provide a breakthrough in that field. This concept of inter-platform sharing of tech-

niques applies even within neutral atom based quantum information systems. For

example, the composite pulse techniques used in our experiments, which we learned

from the NMR community, can be readily used for addressing techniques that use

a focused laser beam [80] and achieve the same type of robust addressing that we

have demonstrated in this dissertation. Whichever platform we choose, there is

still much to learn and improve in these systems especially when we consider scaling

these “proof-of-principle” systems to more complex architectures. Combining exper-

imental methods from diverse platforms, and developing original techniques will be
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needed to facilitate novel experiments that lead to more discoveries in physics, and

perhaps even the production of a practical quantum computer that clearly outper-

forms a classical computer. We believe that the research shown in this dissertation

can contribute to this process.
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APPENDIX A

SUPERLATTICE LIGHT SHIFT POTENTIAL CALCULATIONS

Assuming monochromatic low intensity fields in the far-o↵-resonance limit, the 1D
potential along the x�direction of the superlattice and the x�lattice can be written
as

Û1D(x) = ÛX�Lattice(x) + ÛSL(x)

= �1

4
~E⇤
X(x) · ↵̂ · ~EX(x) � 1

4
~E⇤
SL(x) · ↵̂ · ~ESL(x)

(A.1)

where we use complex notation for the x�lattice and superlattice fields, ~EX(x, t) =
Re[ ~EX(x)e�i!

X

t] and ~ESL(x, t) = Re[ ~ESL(x)e�i!
SL

t] respectively. Here ! indi-
cate the angular frequencies of the corresponding fields, and ~E(x) = E(x)~✏ where
| ~E(x)| ⌘ E(x) is the amplitude of the field and ~✏ is the polarization vector in Carte-
sian coordinates (Jones vectors for 2D notation). The atomic polarizability tensor

operator is ↵̂ = �
X

e

d̂ged̂eg/~�ge, and d̂eg is the electric dipole operator between

the ground |gi = |3,�3i and excited |ei = |4,�4i states, while �ge is the detuning
from the |gi ! |ei resonance. In our experiments, the variation of the superlattice
across one trapping lattice site (�/2 = 426nm) is relatively small, approximately
1% of the trapping lattice depth (⇠ 150kHz). Thus, for now we will assume that
the superlattice potential is spatially constant across one trapping lattice potential.
In section 4.2 we discuss perturbative e↵ects when assuming a linear gradient.

Now we focus on the term for the superlattice potential ÛSL(x). First, we expand
the polarization vector ~✏ into spherical unit vectors ~u in order to calculate the
light shift operator using the transition strengths of the atomic transitions. Then,
~ESL(x) =

X

q

Eq~uq where q = 0,±1 and the spherical unit vectors are

~u+1 = � 1p
2
(~x+ i~y)

~u�1 =
1p
2
(~x � i~y)

~u0 = ~z

(A.2)
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where ~x, ~y, and ~z are the unit vectors in cartesian coordinates. Notably, ~u±1 cor-
respond to right- and left- circularly polarized light while ~u0 correspond to linearly
polarized light with respect to the z-axis. If the quantization axis is chosen to be
along the z-axis, i.e., the atomic basis, ~u±1 correspond to electric-fields driving the
�± (�mF = ±1) atomic transitions and ~u0 correspond to those driving ⇡ (�mF = 0)
transitions. Here mF is the magnetic-sublevel quantum number, and �mF is the
change of the magnetic-sublevel quantum number after a given transition. After
expanding the electric field in terms of the spherical unit vectors we can write the
superlattice potential, i.e., the second term in equation A.1, as

ÛSL(x) = �
X

q,q0

|E⇤
q0(x)Eq(x)|

4
~u⇤
q0 · ↵̂ · ~uq (A.3)

where q, q0 = 0,±1. Using dipole selection rules and the Wigner-Eckart theorem,
the components of the polarizability tensor in the spherical basis can be written as
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where F and F 0 are the hyperfine-level total angular momentum quantum numbers
for the ground and excited states, and �F,F 0 indicate the detuning of the electro-
magnetic field from |F i ! |F 0i resonance. For the 6S1/2 ground state of Cs we
have Fmax = J + I = 4, and for the 6P3/2 excited state F 0

max = J 0 + I = 5. The

Clebsch-Gordan coe�cients for the |F,mF i ! |F 0,m0
F i transitions are c

F 0,m0
F

F,m
F

. The
relative oscillator strength for the decay F 0 ! F can be written with the 6-j symbol
as

fF 0F = (2J 0 + 1)(2F + 1)

����

⇢
F 0 I J 0

J 1 F

�����
2

(A.5)

The characteristic polarizability scalar for the J ! J 0 transition is

↵̃ ⌘ |hJ 0||d||Ji|2

~�F
max

,F 0
max

(A.6)

where hJ 0||d||Ji is the dipole operator reduced matrix element. For calculating the
light shift we only need the diagonal terms of ÛSL(x). These terms describe two-
photon transitions that absorb and emit identical photons, therefore leaving the
atom in the same state, i.e., �mF = 0. Note that the o↵-diagonal terms represent
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couplings between states with �mF = ±1 and �m = ±2. These transitions repre-
sent Raman couplings which are o↵-resonant due to the bias magnetic field. The
transitions |�mF | > 2 are prohibited due to selection rules. Plugging equation A.4
into equation A.3, the diagonal matrix elements corresponding to the state |F,mF i
can be written as

U(F,m
F

)(F,m
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(A.7)

First, we consider the light shift for atoms in the F = 3 manifold. The superlattice
light field is blue detuned by approximately 140GHz�9.2GHz+0.2GHz = 131GHz

from theD2 F = 3 ! F 0 = 4 transition. Thus, we only take into account the allowed
D2 transitions, F = 3 ! F 0 = 2, 3, 4. Also, the excited states F 0 are only separated
by ⇠ 200MHz and we can assume �320 ' �330 ' �340 . We rewrite equation A.7 as
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are the sum of the dipole matrix elements for �+, ⇡, and �� transitions, respectively.
If we define the total field amplitude as |E| ⌘

p
|E+1|2 + |E0|2 + |E�1|2, we can

introduce the single beam light shift U1
3 ⌘ �1

4 ↵̃
�450
�340

|E|2 for an atom in F = 3.

Setting eq ⌘ Eq/|E| and relabeling U(3,m
F

)(3,m
F

) as simply U3,m
F

, we can write the
light shift potential to be
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The light shift potential for atoms in F = 4 can also be derived from equation
A.7 assuming �430 ' �440 ' �450 , and defining the single beam light shift as U1

4 ⌘
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�1
4 ↵̃|E|2. This potential is very similar to that for F = 3 and can be written as
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where we can use equation 2.5 to calculate the single beam light shift for F = 4
atoms.
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APPENDIX B

OPTICAL LATTICE BEAM ALIGNMENT

We describe the techniques we use for the optical alignment of the lattice beams.
The discussion will be focused on the trapping lattice, but the alignment for the
superlattice is very similar. Note that many details of the superlattice beam align-
ment was already discussed in sections 4.3.4 and 4.4, and the technique shown in
section B.3 is directly applicable for both the trapping lattice and superlattice. The
trapping lattice beams pass Pockels cells and undergo polarization dependent phase
shifts. Thereafter, the controlled polarizations must be well conserved until the
beams reach the atoms. Imperfections in the polarization of the beams will lead
to inaccurate lattice angles (✓). Also, the Gaussian intensity profiles of the beams
must be centered with the spatial atomic distribution in order to have a minimum
spread of oscillation frequencies (!osc) across the atomic ensemble. Unless rigor-
ously aligned, these inhomogeneities from the optical lattice will dominate all other
imperfections, e.g., background magnetic field and microwave field inhomogeneities,
in terms of the spectral response of the qubit transition after a microwave pulse.

We describe the lattice beam alignment in three steps. First, we alignment of
the beam with respect to the Pockels cell electro-optical modulator (EOM). This
alignment will include the axis alignment of the quarter-wave plate immediately
after the Pockels cell. Second, we describe how we maintain the polarization with
birefringence compensating mirrors. Finally, we show our procedure to align the
atomic cloud with the laser beam.

B.1 Pockels Cell Alignment

The Pockels cell EOM is used in conjunction with a quarter-wave plate to make
a linearly polarized beam with controllable polarization angle. The polarization of
the beam entering the Pockels cell is linear along the horizontal direction, which we
define as 0�. The optical axis of the Pockels cell is at 45� and the quarter-wave plate
is set at 0�. For the ideal case, we can write the Jones matrices for the Pockels cell
EOM as

MEOM =
1p
2

✓
1 �1
1 1

◆✓
1 0

0 ei
2⇡
�

�n(V )d

◆
1p
2

✓
1 1

�1 1

◆
(B.1)
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and the quarter-wave (�/4) plate as

M�/4 =

✓
1 0
0 i

◆
(B.2)

where �n(V ) is the voltage (V) dependent change in index of refraction along the
slow axis, which can be approximated to be linear. The length of the birefringent
material is d. The polarization before the Pockels cell (J1) and after the quarter-
wave plate (J2) can be calculated as

J1 =

✓
1
0

◆
, J2 =

✓
cos

�
⇡
��n(V )d

�

sin
�
⇡
��n(V )d

�
◆

(B.3)

where we ignore the global phase of J2. Therefore, the polarization remains linear
for all values of �n(V ) and only the polarization angle will change as a function
of the applied EOM voltage, i.e., ✓ = ⇡

��n(V )d. For example, if no voltage is
applied �n(0) = 0 and J2 horizontally polarized. If we apply a voltage such that
�n(V )d = �/2, then J2 will be vertically polarized. Misalignment of the any of the
angles, i.e., input polarization, Pockels cell optical axis, quarter-wave plate optical
axis, will lead to J2 not being linearly polarized for all applied EOM voltages.
Another source of error is the Pockels cell itself, which does not retard the phase of
the beam uniformly across the aperture. The central portion of the aperture has the
best performance in terms of uniform functionality. Thus, we need to simultaneously
align the optical axis of the phase retarding optical components while keeping the
beam geometrically centered to the aperture of the Pockels cell. The di�culty lies in
the fact that errors in one misalignment can compensate for another misalignment.

The experimental parameters that we need to optimize is the input beam po-
larization angle controlled by a polarization beam splitter (PBS) before the Pockels
cell, the input beam direction into the Pockels cell, the tip and tilt displacement of
the Pockels cell, and the quarter-wave plate optical axis. Note that the optical axis
of the Pockels cell is fixed due to technical di�culties, and we instead change the
angles of the input beam polarization and quarter-wave plate axis. The procedure
that we found to work the best for aligning the Pockels cell is as follows. First,
we use two irises that we permanently glued to the Pockels cell for centering the
beams to the aperture. Observing the di↵raction pattern when closing down the
iris will aid this process. This alignment itself will not be su�cient for the best
outcome, and small tip-tilt alignment of the Pockels cell will be needed later in the
procedure. Second, we install a calcite polarizer (analizer) and detector after the
Pockels cell and quarter-wave plate to do polarization measurements. Third, we
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Figure B.1: Schematic of the trapping lattice setup. The polarization angle of the
laser beams are controlled with a Pockels cell (EOM) and quarter-wave plate (�/4).
The atoms are depicted as a red ball. (a) Pre-2010 setup. (b) Current setup.

ramp the applied EOM voltage across the whole applicable range. Ramping the
voltage only serves as to speed up the process of finding the minimum and max-
imum values of the power measured by the detector for a given set of alignment
angles, specifically the input beam polarization angle and the quarter-wave plate
angle. Forth, we rotate the calcite polarizer and find the minimum and maximum
detection values at a given EOM voltage. The ratio of these numbers gives what we
refer to as the extinction ratio, and for an ideal linearly polarized beam this number
will be zero. Our objective is the minimize the extinction ratio across the whole
range of applied EOM voltages. Fifth, we find the best input beam polarization
angle and quarter-wave plate angle combination to achieve this goal of minimum
extinction ratio. Finally, extremely small tweaks of the Pockels cell tip-tilt should
be done for better performance. A few iterations of the fifth and final steps can be
done if necessary. We typically reach extinction ratio values of lower 10�4 after the
alignment process.

B.2 Birefringence Compensating Mirror Configuration

After aligning the laser beam to the Pockels cell and quarter-wave plate, it is im-
portant to minimize the degradation of the quality of linear polarization until the
beam arrives at the atoms, across all polarization angles (EOM voltages) to be used
during the experiment. Therefore, in earlier experiments (pre-2010 upgrade) we did
not include any aligning mirrors after the Pockels cell and quarter-wave plate, such
as figure B.1 (a), due to the birefringence of the mirrors. This type of setup had
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many problems mainly due to the fact that the laser beam had to be aligned to
the both the Pockels cell and the atomic cloud. It was nearly impossible to achieve
good alignment with the atoms while also having a good extinction ratio of the laser
beam polarization. In order to decouple the alignment procedure for the Pockels
cell and that for the atomic cloud, we included a pair of gold mirrors that were spe-
cially positioned to compensate the birefringence from the two mirrors. Figure B.1
(b) shows a schematic of the current trapping lattice beam setup. The mirrors are
positioned such that if the laser beam is s�polarized with respect to the first mirror,
the beam is p�polarized with respect to the second mirror. The reflecting angles are
also approximately 90� for both mirrors. In this configuration the birefringence from
the first mirror will be compensated by the second mirror assuming both mirrors
have identical phase retarding characteristics. We can make small adjustments to
the angle of the mirrors without much change in the extinction ratio of the output
beam, enabling us to precisely align the laser beam to the atomic cloud. Note that
we needed to use gold mirrors from the same company1 and bought from the same
fabrication “batch,” for this method to work e↵ectively.

Another thing to note is that in the pre-2010 setup we split one laser beam into
two beams for the counter propagating lattice beams, compared to using a retro-
reflecting configuration in the current setup. We used a dielectric mirror for this
retro-reflecting mirror, since it is positioned at normal incidence and thus has no
birefringence. A quarter-wave plate is placed in front of the retro-reflecting mirror
which acts as a half-wave plate after the beam passes through twice, before and after
being retro-reflected. The lin � 0� � lin configuration is defined when the quarter-
wave plate axis is parallel to the polarization angle. When voltage is applied to
the EOM, the polarization angle of the counter propagating beam changes in the
opposite direction of the ingoing beam, such as that depicted in figure B.1 (b). Thus,
for a given voltage applied to the Pockels cell EOM, the lattice angle (✓) for the
current setup changes by factor of two compared to the pre-2010 setup. One thing
to consider for the new setup is the consistent imbalance of the counter propagating
beam intensities due to the loss from the windows of the vacuum cell. Calculations
similar to that in section 4.4 show that this imbalance of the laser beam intensities
will not translate into a significant change in the potential that the trapping lattice
creates.

Figure B.2 shows the measured extinction ratios as a function of the applied
EOM voltage. In figure B.2 (a) we demonstrate the compensation of birefringence
with two dielectric mirrors. The red plot shows the extinction ratio directly out of

1Thorlabs PF10-03-M01
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(a) (b)

Figure B.2: Extinction ratio of laser beam polarization as a function of applied
EOM voltage. (a) Test of compensating the birefringence of a dielectric mirror with
another. (b) Typical extinction ratio achieved for experiments.

the Pockels cell and quarter-wave plate without any mirrors. The green plot was
measured when one mirror is placed at 45� with respect to the incident beam (90�

reflecting angle). Here the linearly polarized laser beam becomes highly elliptical for
non s or p�polarizations, which is shown in the extinction ratio. Another mirror is
placed in the configuration shown in figure B.1 (b) to compensate for birefringence
of the first mirror. The extinction ratio returns to levels close to that without any
mirrors present, showing the e↵ectiveness of this method. Figure B.2 (b) shows
typical examples of extinction ratios we achieve for our experiment before and after
we upgraded the setup in 2010, corresponding to the schematics shown in figure B.1.
Decoupling the alignment process for the Pockels cell and the atomic cloud enabled
us to align the laser beam to the Pockels cell much more precisely, and work with
lower extinction ratios by almost an order of magnitude compared to the pre-2010
setup.

B.3 Laser Beam Profile to Atomic Cloud Alignment

In order to align the laser beam to the atomic cloud we measure the microwave
spectra with only the laser beam that we want to align, i.e. all other laser beams
including the corresponding counter propagating beam are turned o↵. Assuming
we want to align a laser beam to the atoms at time t0 of the experiment, we hold
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the atoms with the trapping lattice until t0. At t0 we turn on the laser beam that
we want to align and turn o↵ all other laser beams, while applying a microwave
pulse for spectroscopy. Finally, we search for the laser beam position that creates
the larges single beam di↵erential light shift, which occurs when the atomic spatial
distribution and the laser beam profile are centered. The transition that we measure
is the qubit transition, defined throughout this dissertation as that between |4,�4i
and |3,�3i. Therefore, the single beam di↵erential light shift can be defined as

�U1 = U1
4 � U1

3 (B.4)

where U1
4 and U1

3 are the single beam light shifts for atoms in the F = 4 and F = 3
hyperfine manifolds. These single beam light shifts can be calculated via equation
2.5 and 4.4, with a subtle modification. In chapter 4 we used these equations with
the saturation intensity (Isat) for unit oscillator strength. Now, we must use the
saturation intensity corresponding to the polarization of the beams and the specific
transition.

The alignment procedure for the horizontal (x, and y) and vertical (z) trapping
lattices are slightly di↵erent. If we want to align the x�lattice beams, We first block
the retro-reflecting beam of the x�lattice in order to observe the single beam light
shift of the ingoing beam. We trap the atoms with the y and z�lattices until we
apply the microwave pulse. When we apply the microwave pulse we turn o↵ the y and
z�lattices and turn on the laser beam for the x�lattice and optimize the position
of the ingoing laser beam. Aligning the retro-reflection via iris is straightforward.
Procedures for the y�lattice alignment is identical to the x�lattice, which will not
be repeated. The procedure for the z�lattice is di↵erent mainly because the atoms
will fall in the absence of the z�lattice, therefore we cannot block the retro-reflected
beam throughout the experiment. Instead we install a PBS between the atoms and
the retro-reflecting mirror, such that the beam will pass through the PBS when the
lattice angle of the z�lattice (✓z) is 0�. Therefore, the atoms will be held up against
gravity when ✓z = 0�, and we trap the atoms in 3D this way before the microwave
pulse is applied. When we apply the microwave pulse the x and y�lattice is turned
o↵ and ✓z is set to 180� (90� with respect to the PBS). Then the PBS will reflect
the incoming z�lattice beam prohibiting a retro-reflected beam, i.e. we apply only
a single beam of the z�lattice beams.

When aligning the superlattice beams we trap the atoms with all three 1D trap-
ping lattices until we apply the microwave pulse. During the microwave pulse we
turn o↵ the 3D trapping lattice and turn on one of the superlattices while blocking
the other.
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(a) (c)(b)

Figure B.3: Microwave spectra after single beam di↵erential light shift. (a) Lattice
beam detuning was decreased to 70GHz for enhanced di↵erential light shift. (b)
Quarter-wave plate was used for enhanced di↵erential light shift. (c) Demonstration
of single beam di↵erential light shift that is positive.

Figure B.3 shows examples of how the microwave spectra change as we align the
beam to the atoms. The largest peak in each of the spectra show the transition peak
without any beams present during the microwave pulse, i.e. the beam to be aligned
is far o↵ alignment. In figure B.3 (a) we changed the detuning of the beam closer
to resonance from 140GHz to 70GHz in order to gain more single beam di↵erential
light shift for easier optimization. We start with the transition at 9, 193, 840kHz

and as the beam is better aligned we see the transition shift to lower frequencies.
The beam position will be optimized when the transition frequency is minimized.
For figure B.3 (b) we used a di↵erent method to enhance the amount of di↵erential
single beam light shift. We kept the detuning of the beam at 140GHz and placed
a quarter-wave plate right before the beam reaches the atoms. Having a circularly
polarized beam will substantially increase the single beam di↵erential light shift if
the quantization axis is parallel with the beam propagation direction. Figure B.3 (c)
shows that the single beam di↵erential light shift can also be positive by changing
the polarization of the single beam. For all the spectra shown in figure B.3 we can
see that the single beam light shift adds inhomogeneous broadening, which is an
indicator of the size of the laser beam relative to the atomic spatial distribution.
Calculations (see section 4.3.4) show that we can align our lattice beams to the center
of the atomic spatial distribution to ⇠ 0.1mm, assuming a perfectly Gaussian laser
profile and Gaussian spatial distribution of the atoms.
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APPENDIX C

MICROWAVE CONTROL AND REAL-TIME MEASUREMENTS

The microwave setup used in the experiment is capable of amplitude and phase mod-
ulation at ⇠ 9GHz. Apart from a microwave splitter which sends the modulated
microwave signal to two microwave horns, instead of having one microwave horn
with no splitter, the microwave setup has remained generally the same throughout
the years. Positioning the microwave horns for maximum intensity (maximum Rabi
frequency) and minimum spatial inhomogeneity of the microwave radiation (maxi-
mum coherence time) was experimentally di�cult and tedious without the proper
diagnostic measurements being available. Optical probe polarimetry of the atoms
driven with microwave radiation was used in our experiment to measure the Rabi
frequency and coherence time. Using this real-time diagnostic proved to be the most
e�cient and accurate way to optimize the microwave horn positions for best per-
formance. We typically achieved Rabi frequencies up to ⇠ 35kHz with coherence
times up to ⇠ 1ms with this technique. Details regarding the microwave setup and
optical probe polarimetry is described in the published paper below.
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The following reprint was originally published in the journal Physical Review A:
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atom qubits. Phys. Rev. A, 79, p. 022316. doi:10.1103/PhysRevA.79.022316.

American Physical Society (APS) Journals give authors the right to use the
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I. INTRODUCTION

Optically trapped neutral atoms have been widely consid-
ered as a physical platform for the implementation of
quantum-information processing. Qubits encoded in the hy-
perfine ground manifold offer long coherence times and are
readily initialized and manipulated using the tools of laser
spectroscopy, whereas the two-qubit interactions required for
entangling quantum gates are more difficult to implement
due to the weak coupling between atoms in the electronic
ground state. For this reason, two-qubit quantum logic is
generally regarded as the core challenge for the neutral atom
platform, and most theoretical and experimental efforts have
focused on developing viable gate schemes based on, e.g.,
cold collisions #1–4$ or dipole-dipole interactions between
Rydberg states #5–8$. From these first-generation experi-
ments it is clear, however, that initialization and single-qubit
control are already of critical importance, and that the re-
quired accuracy is not always trivial to achieve in a labora-
tory setting. Focusing here on the control problem, all ex-
periments use driving fields and trap potentials that are noisy
or inaccurate at some level, and are also subject to back-
ground fields and other outside perturbations. This causes
unpredictable errors in the effective Rabi frequency and de-
tuning for the qubit two-level system, and reduces the fidel-
ity of rotations on the Bloch sphere. In this situation, it is
useful to explore both how far one can reasonably go
through a direct effort to eliminate these sources of error, and
how one can use composite pulse techniques that are robust
against errors as is routinely done by the NMR community
#9,10$, and more recently for qubits encoded in trapped ions
#11,12$, electron spins #13$, and superconducting circuits
#14$. Ultimately, very high-fidelity single-qubit operations
can become an important resource to combat errors and
dephasing across the qubit ensemble #15$, through spin ech-

oes and refocusing pulses as used in NMR quantum compu-
tation #10,16$. It is likely that trapped atom implementations
will need to adopt a similar strategy.

For ensembles of atomic qubits trapped in optical lattices,
precise single-qubit control is compromised by spatial varia-
tions in the lattice potential and the associated inhomoge-
neous broadening of the ac Stark-shifted qubit transition fre-
quency. Furthermore, some collisional gate schemes require
that a qubit be encoded in magnetic field-sensitive states,
such as %0&= %F=3,mf =3& and %1&= %F=4,mf =4& in the case
of the Cs atom qubits used in our work here, in order to
permit state-dependent motion in the optical potential and/or
to suppress spin-changing collisions #2$. In that case, imper-
fect control over the magnetic field can easily become an
important source of error. In this paper, we demonstrate that
microwave-driven single-qubit gates with fidelities as high as
0.99 can be achieved in parallel on '107 atomic qubits, by
carefully optimizing the spatial and temporal uniformity of
the optical lattice and of the applied and ambient magnetic
fields. In doing so, a critical element has been the develop-
ment of a nonperturbing method to observe qubit ensemble
dynamics in real time and with good signal-to-noise ratio
!SNR", based on optical probe polarimetry. We further show
that composite pulse techniques can significantly increase
robustness against pulse imperfections and ensemble inho-
mogeneities. One pulse sequence in particular, known as a
rotary echo, greatly reduces sensitivity to these errors and
allows easy observation of the coherence time in our system.
We expect that increased microwave irradiance, in combina-
tion with decreased scattering of lattice photons and the use
of more advanced pulse techniques #17$, will allow us to
improve the fidelity of single-qubit operations by at least
another order of magnitude.

The remainder of this paper is organized as follows. In
Sec. II, we describe our experimental apparatus, including
our programmable microwave source and optical probe
setup. Section III discusses Rabi oscillations and the fidelity
of simple rotations, Sec. IV describes the use of rotary ech-
oes to extract coherence times, and Sec. V discusses the use
of composite pulses to improve gate fidelities in the presence
of errors. We summarize our findings and discuss the outlook
for robust control of neutral atom qubits in Sec. VI.
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II. EXPERIMENTAL SETUP

Our basic experimental setup is shown in Fig. 1!a". We
begin by preparing a sample of '107 laser cooled Cs atoms,
at a temperature of '3 #K, a density of '4$1010 cm!3,
and forming a cloud with a diameter of '0.8 mm. The atoms
are loaded into a three-dimensional optical lattice tuned
130 GHz to the blue of the 6S1/2!F=4"!6P3/2!F!=5" tran-
sition of the Cs D2 resonance line, by ramping up the lattice
potential while the atoms are being simultaneously cooled by
a near-resonant 3D optical molasses, continuing to cool the
atoms for a few ms while in the lattice, and then extinguish-
ing the optical molasses beams. The optical lattice is formed
by three independent, linearly polarized standing waves
whose approximately Gaussian intensity profiles have 1 /e
radii of 1.3–1.5 mm, and whose frequencies differ by at least
10 MHz in order to eliminate interference between them.
Typical lattice depths are UL'100ER, and typical vibrational
frequencies in the lattice potential wells are %L'20ER /&
'2!$40 kHz, where ER= !&k"2 /2M is the single-photon
recoil energy. Once trapped in the lattice, the atoms are op-
tically pumped, producing a 90% population of the %0&= %F
=3,mf =3& qubit state. This value is typical for optical pump-
ing in lattice experiments #18,19$, and does not limit the
sensitivity of subsequent measurements of gate fidelity. No
additional cooling of the center-of-mass motion is per-
formed, and measurements of the kinetic temperature
!'3 #K at &%L'20ER" indicate a mean vibrational excita-

tion n̄'1 for each degree of freedom. The lattice filling frac-
tion is '0.003, ensuring that interactions between atoms are
negligible. At this point, the qubits can either be kept in the
lattice or released into free fall to eliminate lattice-induced
light shifts of the qubit transition frequency.

Single-qubit rotations are implemented in parallel across
the entire ensemble by illuminating the atoms with micro-
wave radiation. We use an inexpensive programmable micro-
wave source consisting of an HP8672A synthesized signal
generator running at 9.2 GHz, mixed with an '30 MHz sig-
nal from an SRS DS345 synthesized arbitrary waveform
generator. The DS345 generator provides both frequency
fine-tuning and arbitrary phase modulation !0.001° reso-
lution" under control of an uploaded computer-generated
waveform, and, if desired, can be amplitude modulated under
control of an arbitrary analog waveform generated by, e.g., a
second DS345 generator. By driving the qubits with a modu-
lation sideband, we thus achieve the precise, programmable
phase control required to implement composite pulses. A
digital switch inserted between the 9.2 GHz local oscillator
and the mixer allows the mixer output to be turned on/off
with a transition time of '3 ns. The output from the mixer is
amplified to '2 W by a solid-state power amplifier, and ra-
diated by a gain horn located approximately 20 cm from the
atomic sample. Due to reflections from various metallic sur-
faces in our apparatus we have only moderate control over
the microwave polarization, but transitions to hyperfine
states outside the qubit basis are Zeeman-shifted out of reso-
nance by an '400 mG bias magnetic field and effectively
suppressed. With this setup, we can achieve resonant Rabi
frequencies as high as 40 kHz when driving the %F=3,mf
=3&! %F=4,mf =4& transition, which corresponds to the
largest magnetic dipole moment.

High-fidelity rotations of the qubit pseudospin require
precise knowledge of the resonant Rabi frequency ' and the
effective detuning ( of the microwave driving field relative
to the qubit transition frequency. In our setup, ' varies
slightly across the ensemble, due in part to the spatially in-
homogeneous radiation pattern from the gain horn, and in
part due to interference with microwave reflections. Varia-
tions in ( are caused by inhomogeneous broadening of the
qubit transition frequency, which is light-shifted by the spa-
tially inhomogeneous lattice light field, and Zeeman-shifted
by the applied and ambient magnetic fields. For ensembles in
far-detuned lattices, the inhomogeneous spreads in ' and (
easily become the most important factors limiting the fidelity
of single-qubit rotations, and they must be carefully mini-
mized to achieve good gate performance. We accomplish this
by driving Rabi oscillations between the qubit states, and by
carefully aligning our lattice beams and aiming our micro-
wave horn to maximize both the Rabi frequency and the
decay time for the Rabi oscillation amplitude. In doing so, an
essential requirement is to have good diagnostic tools so that
adjustments can be made and improvements detected as near
as possible in real time.

We perform real-time, minimally perturbing measure-
ments on our qubit ensemble by optical probe polarimetry, as
described in detail in #20$. In this measurement scheme, we
choose the atomic quantization axis along the !vertical" z
axis, pass a weak, off-resonance probe beam through the

FIG. 1. !Color online" !a" Experimental setup, showing the op-
tical lattice and the configuration used for optical probe polarimetry.
!b" Birefringent phase shift ) seen by the probe !solid line", and the
probe-induced differential light shift (U of the qubit states !dashed
line", as a function of the probe detuning from the 6S1/2!F=4"
!6P1/2!F!=4" transition of the D1 line.
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ensemble along the y axis, and choose the probe polarization
to be linear and oriented at 45° in the x-z plane. The probe
frequency is tuned in-between the 6S1/2!F=4"!6P1/2!F!
=3,4" transitions of the D1 line, where the tensor polarizabil-
ity is substantial for atoms in the %1&= %F=4,mf =4& qubit
state. In this situation, the ensemble becomes birefringent by
an amount proportional to the population of the logical-%1&
state, and the probe polarization acquires a small degree of
ellipticity, which is easily detected with a shot-noise limited
polarimeter. As demonstrated previously for the states in-
volved in the atomic clock transition #20$, any probe-
induced, spatially inhomogeneous light shifts of the qubit
transition frequency can be minimized by tuning the probe
frequency to the appropriate magic value, in this case 135
natural linewidths !633 MHz" to the red of the F=4!F!
=4 transition #Fig. 1!b"$. In principle, one can also detect the
Faraday rotation caused by qubits in the logical-%1& state, a
variation of probe polarimetry that is perhaps more familiar
from its widespread use in magnetometry #21$ and in mea-
surements on hyperfine spin ensembles #22–24$. However,
for our qubit encoding the Faraday signal almost vanishes at
the magic probe frequency and is therefore not as useful.
Overall, our measurement scheme provides high bandwidth
access to the qubit dynamics, with little or no perturbation
except for optical pumping caused by the scattering of probe
photons. Even for our relatively dilute atomic samples, the
SNR’s needed to align the lattice and optimize our apparatus
for minimal qubit transition frequency broadening can be
achieved in seconds. Much higher SNR’s are needed to mea-
sure the fidelity of highly accurate qubit rotations, but still
require no more than a few minutes averaging. As a consis-
tency check or when more detailed information is needed,
we complement the optical probe measurement with Stern-
Gerlach measurements #25$ performed at discrete moments
in time. While time consuming, these provide access to the
individual populations of all magnetic sublevels in the entire
ground hyperfine manifold, and provide an absolute calibra-
tion for the initial preparation of the qubits by optical pump-
ing.

III. RABI OSCILLATIONS AND SIMPLE ROTATIONS

An arbitrary qubit rotation Ru!*" can be specified by the
axis u and angle * of rotation. The fidelity of a laboratory
implementation of Ru!*" can be tested by initializing an en-
semble of qubits in a state %+i&, applying the microwave con-
trol pulse, and measuring the absolute square of the overlap,
F= ()+expt%Ru!*"%+i&(2, between the target state Ru!*"%+i& and
the state %+expt& produced in the experiment. In general, one
should sample the fidelity for a distribution of initial states,
but for simple !as opposed to composite" rotations the fidel-
ity depends only on the errors in u and *, and we can choose
%+i&= %0& without loss of generality. Specializing further to
rotations by an angle *=! around an axis in the equatorial
plane of the Bloch sphere !a !-gate", the fidelity can be
determined simply by measuring the populations of the
logical-%0& or -%1& states. In practice, accurate determination
of near-unit fidelities is best done by measuring the cumula-
tive error in many successive applications of the rotation.

Experimentally, this is equivalent to driving Rabi oscillations
and observing their decay due to decoherence and dephasing
across the ensemble.

Our atomic qubits are embedded within a larger ground
hyperfine manifold, and can be coupled to states outside the
logical space either by the microwave driving field !see be-
low" or by optical pumping due to scattering of photons from
the probe and optical lattice light fields. It is straightforward
to solve the master equation for a microwave driven atom in
the presence of optical pumping; we have done so for param-
eters typical of our experiment and have found that the qubit
pseudospin can be approximated to an excellent degree as a
lossy two-level system. This allows us to replace the numeri-
cally intensive master equation model with a much simpler
effective model based on the Torrey solutions to the familiar
Bloch equations #26,27$. In our experiments, the microwave
resonant Rabi frequency is always much larger than the in-
verse of the longitudinal !T1" and transverse !T2!" homoge-
neous lifetimes, so that ',1 /T2!!1 /T1 !the strong driving
limit of the Torrey solutions". The detuning of the microwave
field relative to the qubit transition frequency is also rela-
tively small, ( /''10!1. With the initial condition %+i&= %0&,
the Torrey solution for the expectation value of the 3 com-
ponent of the qubit pseudospin !the inversion" is then

w!t" = !
(2

-2 exp!! 2
3.1t" +

'2

-2 cos!-t"exp!! .1t" + 2
(2

-2 ,

!1"

where -=*'2+(2 and .1=3 / !4T1", and where we have set
T2!=2T1 as appropriate for a closed two-level system subject
only to optical pumping. If the total population of the two-
level system decays at a rate .2, then the logical-%1& popula-
tion oscillates in time as

/1!t" =
1
2

#w!t" + 1$exp!! .2t"

=
1
2
+1 ! 2

(2

-2,exp!! .2t"

!
1
2

'2

-2 cos!-t"exp#! !.1 + .2"t$

+
1
2

(2

-2exp!! 2
3.1 + .2t" !2"

-
1
2

exp!! .2t"

!
1
2

'2

-2 cos!-t"exp#! !.1 + .2"t$ , !3"

where the last approximation introduces errors of order 10!3

for the parameters typical of our experiments.
Inhomogeneous effects occur due to variations in the mi-

crowave resonant Rabi frequency and/or detuning. We there-
fore define an ensemble-averaged population
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/̄1!t" = .
!0

0

d'.
!0

0

d(P!',("/1!t" , !4"

where the distribution P!' ,(" is Gaussian, with mean values
'0, (0 and standard deviations 1', 1( for the resonant Rabi
frequency and detuning, respectively. In the end, our ex-
pected polarimetry signal is of the form

S!t" = S1/̄1!t" + S0, !5"

where the signal amplitude S1 and offset S0 depend on probe
power and balancing of the polarimeter. The function S!t" is
used to fit our experimental data sets, with free parameters
'0, (0, 1', 1(, S1, and S0. The homogeneous decay rates .1
and .2 are not included as free parameters in the fit, but
instead determined independently in a separate spin-echo ex-
periment as described in Sec. IV.

Figure 2 shows typical examples of our polarimetry signal
for atoms in free fall, and for atoms trapped in the optical
lattice. Two features are immediately apparent in both data
sets: the oscillation amplitude decays in a few milliseconds,
corresponding to several tens of Rabi periods, and the mean
of the oscillation decays on a much slower time scale. This is
characteristic of situations where dephasing plays a signifi-
cant role. The figure also shows fits of the form S!t" to each
signal. In the case of free atoms, such fits imply a microwave
irradiance inhomogeneity across the atomic sample of
1' /'0=0.3%, and a detuning inhomogeneity, 1( /'0=3.3%,
presumably caused by spatial variations in our bias magnetic
field. For atoms trapped in the optical lattice, we find
1' /'0=0.3% and 1( /'0=7.3%, with the increase in 1( re-
flecting the additional inhomogeneous broadening from spa-
tial variations in the lattice light shift. These values for free
and trapped atoms represent averages over a number of mea-
surements taken under nominally identical conditions but at
widely different times.

Based on the parameters '0, (0, 1', and 1( extracted
from high-quality fits to Rabi oscillation data, and on the
homogeneous decay rates .1 and .2 determined from spin
echoes, we can accurately model the ensemble averaged
population /̄1!t" of the logical-%1& state. This in turn allows
us to obtain a good estimate of the ensemble-averaged fidel-
ity F! for a perfectly timed !-gate, defined as a square mi-
crowave pulse of duration 2=! /'0 applied across the entire
ensemble. Note that in doing so, the relevant decay rates are
those obtained in the presence of the optical lattice only,
since the probe beam would not be present in experiments
aimed at quantum-information processing. We have, in this
fashion, found a !-gate fidelity F!=0.990!3" for atoms in
the optical lattice, averaged over 16 independent measure-
ments taken over a three-month period. This value is a mea-
sure of the limitations imposed by working with qubits in
spatially inhomogeneous lattice and microwave fields.

In practice, the fidelity of a gate operation is further re-
duced if we cannot preset the mean Rabi frequency '0 and
detuning (0 with sufficient accuracy. From our data set, we
find statistical fluctuations of 1% rms in the fitted value for
the mean Rabi frequency '0, relative to our target value of
27.78 kHz, which corresponds to an 18.0 #s !-gate time. In
the same data set, the rms fluctuations in the mean detuning
were (0 /'0'4.8%. We can use the fit parameters for each
individual measurement to calculate /̄1!18.0 #s", which is
the ensemble-averaged fidelity at the time intended to pro-
duce a !-gate. Averaged over our 16 independent measure-
ments, this reduces the fidelity by a statistically insignificant
1$10!4.

In our discussion so far, we have ignored the possibility of
microwave coupling to states outside the qubit logical space.
For our encoding, such coupling occurs only between the
%F=3, mF=3& logical-%0& state and the states %F=4, mF=2,3&.
These transitions are Zeeman-shifted out of resonance by the
applied bias magnetic field, and further suppressed by maxi-
mizing the 3+-polarized component of the microwave field.
For a quantitative estimate, it is straightforward to tune our
microwave frequency to be resonant with these transitions
and to determine the resonant Rabi frequencies in each case.
For the data sets discussed here, we thus found Rabi frequen-
cies of 3 kHz for both transitions, and detunings of 130 and
260 kHz, respectively. During a !-gate on the qubit, this
translates into a combined population of 7$10!4 in the two
states, and thus a reduction in the !-gate fidelity of less than
1$10!3. This is well below the statistical uncertainty of our
present experiment, but if necessary the population leakage
can be further suppressed with a stronger bias magnetic field.

IV. ROTARY ECHOES AND COHERENCE TIMES

As the preceding discussion makes clear, the decay of
qubit Rabi oscillations in our optical lattice is dominated by
dephasing due to inhomogeneities in the microwave irradi-
ance and light shift across the ensemble. In this situation, the
underlying coherence times cannot be reliably determined by
fitting experimental measurements of Rabi oscillations with
the model given in Eq. !2". To circumvent this problem, we
use a technique originally developed by the NMR commu-

FIG. 2. !Color online" Polarimetry signal S!t" measured during
qubit Rabi oscillation, for atoms in free fall !top" and atoms trapped
in the optical lattice !bottom". The dark line is experimental data,
and the underlying light line is the result of a fit of the form given
in Eq. !5". Insets show a close-up of data points !filled circles" and
fit for a representative time interval.
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nity, rotary echoes #10$, to suppress dephasing and obtain
independent estimates for the rates .1 and .2. The simplest
rotary echo sequence consists of repeated application of the
composite rotation Ru!*"Ru!!*", where the axes of rotation
are controlled through the phase ) of the driving field. For
given Rabi frequency and detuning, we have

u =
%'%
-

#cos!)"1 + sin!)"2$ +
(

-
3 . !6"

In the near-resonance case, %(%4 %'%, a phase change )!)
+! will nearly invert the axis of rotation, u!-u, and the
composite rotation remains close to the identity. Thus, if the
qubit is initialized in logical-%0& and * is an integer multiple
of !, the rotary echo sequence will produce a polarimetry
signal that is indistinguishable from standard Rabi oscilla-
tions with greatly suppressed inhomogeneity in '. In general,
rotary echoes dephase as rapidly due to inhomogeneity in (
as do Rabi oscillations. Remarkably, however, the special
case *=2! is robust against variations in ' and (, and a
rotary-2! echo sequence looks like Rabi oscillations with
greatly suppressed inhomogeneity in both. This is easy to
verify through numerical simulation of rotary-2! echoes,
which for inhomogeneities typical of our experiment show
no sign of dephasing on time scales far beyond the longest
coherence times that we have observed in the laboratory.
Figure 3 is an experimental illustration of this robustness,
comparing polarimetry signals from Rabi oscillations and a
rotary-2! echo in the presence of an artificially increased
inhomogeneity in (.

The analysis of qubit Rabi oscillations in Sec. III requires
that we determine the rates .1 and .2 in the presence of a
probe beam of identical intensity and frequency. This is eas-
ily achieved by recording the measurement from Rabi oscil-
lation and a rotary-2! echo in quick succession, and fitting
the latter by setting 1'=1(=0 in our model for Rabi oscil-
lation. To estimate gate fidelities, we also need to determine
these decay rates in the limit where photon scattering from
the probe becomes negligible. Figure 4!a" shows rotary-2!
echo signals for a few probe powers, clearly illustrating the
decrease in signal strength and increase in coherence time as

the probe scattering rate is reduced. Figure 4!b" shows the
time constant 2d for the decay of the oscillating part of the
echo signal, as a function of the scattering time !the inverse
probe scattering rate" 2s=1 /.s. As one would expect, 2d is
roughly proportional to 2s for short scattering times, and
saturates for long scattering times. Also shown is a fit to a
physically reasonable model of the form 2d=1 / !a.s+b",
which for this data set gives an asymptotic value 2d
-10.6 ms that presumably reflects the coherence time for
qubits in the optical lattice. We emphasize that this is only a
representative data set; over time and for nominally identical
conditions, we have observed asymptotes in the range
5.5–15 ms. This variation is larger than can be explained by
statistical scatter, and shows that the coherence time in our
experiment is not fully reproducible and depends on factors
that remain to be understood. For the data analysis in Sec.
III, we have therefore used the most conservative estimate,
2d=5.5 ms. For technical reasons !low-frequency noise and
weak polarimetry signals at low .s" it is more challenging to
get an accurate estimate for the decay of the constant part of
the echo signal. We have generally found this decay time to
be '2$2d, and therefore .1-.2-1 / !22d" according to Eq.
!3", and we have assumed this throughout our data analysis.
This observation is also consistent with a full master equa-
tion model of the dynamics of the entire 6S1/2 ground mani-

FIG. 3. Polarimetry signal S!t" during qubit Rabi oscillation
!top" and a rotary-2! spin-echo sequence !bottom". An artificially
large inhomogeneity in the microwave detuning has been added to
demonstrate the robustness of the rotary-2! echo.

FIG. 4. !Color online" !a" Polarimetry signals S!t" measured
during rotary-2! spin-echo sequences. The probe power is reduced
by a factor of '40 from top to bottom, to demonstrate the longer
coherence times and lower signal levels available at lower rates of
probe photon scattering. !b" Coherence time 2d vs probe photon
scattering time 2s.
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fold in the presence of optical pumping and a microwave
drive. Clearly, more work must be done to improve the ac-
curacy of our coherence time measurements, but for now the
fidelities obtained in Sec. III depend mainly on ensemble
inhomogeneities and are not significantly altered by assum-
ing longer coherence times in the data analysis.

It is instructive to consider what physical mechanisms
might limit the qubit coherence time. First, for our encoding
the qubit transition frequency is sensitive to temporal fluc-
tuations in the lattice depth and in the background magnetic
field. As long as the power spectrum of these fluctuations lies
well below the Rabi frequency, driving continuous Rabi os-
cillations or rotary echoes is equivalent to applying a se-
quence of refocusing pulses, and one expects to see longer
coherence times than in, e.g., a Ramsey interrogation #15$.
Our experiment does indeed show such an increase. Second,
qubits decohere due to optical pumping caused by the scat-
tering of photons from the optical lattice. For our relatively
deep and near-resonance optical lattice, we calculate a scat-
tering time of '100 ms, which is too large to account for the
'10 ms coherence times seen in our experiment. Further
evidence of the minimal role played by lattice photon scat-
tering comes from the fact that the coherence time remains
effectively constant when the scattering rate is changed by as
much as a factor of 2. Finally, we note that phase noise in the
microwave source will cause the axis of rotation to fluctuate
and thus degrade the rotary echo. If the phase noise spectrum
is flat, we expect the echo signal to degrade after a roughly
constant number of echo pulses, resulting in longer coher-
ence times when the microwave Rabi frequency is reduced.
The qualitative behavior of our experiment suggests that this
may be an important contributing factor in limiting the co-
herence time, but our attempts to directly measure the phase
noise and model its influence on the qubit dynamics have so
far been unsuccessful.

V. COMPOSITE PULSES

Composite rotations are a powerful tool to overcome the
effect of inhomogeneous errors, not just in spin-echo and
refocusing sequences, but also in the implementation of
quantum gates. Cummins #9$ describes three families of uni-
versal pulse sequences that are designed to confer robustness
in different scenarios. The term universal here refers to a
pulse sequence that can implement any desired unitary trans-
formation, i.e., any rotation about a given axis by a given
angle, with a similar degree of error compensation for all
initial states. This contrasts with pulse sequences designed to
be robust only for the transfer of a specific input state to a
specific output state, e.g., the familiar three-pulse refocusing
sequence R1!! /2"R2!!"R1!! /2".

For our system, the dominant factor limiting gate fidelity
is the variation of effective microwave detuning across the
qubit ensemble. The so-called CORPSE !Compensation for
Off-Resonance with a Pulse Sequence" family is a three-
pulse sequence that confers robustness against these detuning
errors. If, for example, our goal is to perform a perfect !
rotation around the 1-axis, then we can approximate this
through the CORPSE sequence

Ru!!/3"Ru!!5!/3"Ru!7!/3" - R1!!" , !7"

where u= !%'% /-"1+ !( /-"3, u!=!!%'% /-"1+ !( /-"3. Fig-
ure 5 shows the corresponding trajectory on the Bloch
sphere, as well as the evolution of the logical-%1& population
during the pulse. To leading order in the detuning, f =( /'0
41, the fidelity of a single square pulse is F-1! f2 /2. By
comparison, a CORPSE 5-pulse achieves F-1!6f4, where
6=6.5$10!3 for 5=!. Similarly, the SCROFULOUS
!Short Composite Rotation for Undoing Length Over and
Under Shoot" family is a three-pulse sequence that confers
robustness against errors in the rotation angle at the cost of
increased sensitivity to detuning errors, and the BB1 !Broad-
Band Number 1" family is a five-pulse sequence that com-
pensates angle errors to sixth order at little or no cost in
sensitivity to detuning errors. We refer the reader to the lit-
erature #9,10$ for further discussion of these pulse families,
including how to design composite rotations by angles other
than !. We note also that new numerical techniques enable
the brute-force optimization of much more complicated time-
dependent phase variations, which can improve the robust-
ness to specific combinations of amplitude and detuning er-
rors, or achieve better robustness in the presence of
decoherence #17$.

It is straightforward to check the performance of compos-
ite pulses in our system by preparing our atoms in logical-%0&,
apply the appropriate pulse sequence, and measure the
logical-%1& population. Figure 6 shows the fidelity of plain
pulse, CORPSE, SCROFULOUS, and BB1 !-gates for
large, intentionally applied errors. Each experimental data set
closely follows the predictions of our theoretical model, and
illustrates how a given pulse family significantly extends the
range of detuning or angle error over which one can achieve

FIG. 5. !Color online" !a" Trajectories on the Bloch sphere dur-
ing the three parts of a composite CORPSE !-pulse, in the presence
of a detuning (=0.3'. !b" Evolution of the logical-%1& population
during the pulse.
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good fidelity. It is worth noting, however, that for SCROFU-
LOUS and BB1 pulses, the peak fidelity falls somewhat be-
low that of a plain pulse. This reduction is due to a combi-
nation of factors: these composite pulses protect against
angle errors, which are insignificant when the intentional er-
ror is near zero, the SCROFULOUS pulse increases sensitiv-
ity to the intrinsic detuning spread in our experiment, and
both take longer to execute !for a given Rabi frequency" and
therefore subject qubits to additional decoherence during the
gate operation. In our case, the gain from increased robust-
ness is more than offset by the loss from decoherence, and
the overall fidelity goes down. The tradeoff is more favorable
for CORPSE pulses, where there is some gain from in-
creased robustness to the intrinsic detuning errors that domi-
nate in our experiment.

High-fidelity CORPSE !-pulses can be evaluated in much
the same way as plain !-pulses: by successive application
and measurement of the logical-%0& and -%1& populations. Fig-
ure 7!a" compares polarimetry signals for a rotary-2! echo,
and for successive CORPSE pulses. Note the similar decay
times for the two pulse sequences, as expected when detun-
ing inhomogeneity dominates. In principle, the CORPSE
data can be analyzed using an approach analogous to Sec. III,
but in practice it is difficult to fit this rather complicated
polarimetry signal. Instead, we read off the logical-%0& and
-%1& populations at the beginning and end of each CORPSE
pulse, and compare these to the predictions of a full model
based on the optical Bloch equations, using the inhomogene-
ities and relaxation rates determined from Rabi oscillations
and rotary-2! echoes performed under identical conditions.
Figure 7!b" shows a typical data set for which these values
agree quite closely. This provides confidence that our model
correctly describes the performance of CORPSE pulses in
our experiment, and allows us to estimate a CORPSE fidelity
FCORPSE=0.992. Since the inhomogeneities and relaxation
rates for this data set are typical of our larger data set, we
conclude that CORPSE pulses will yield only marginal im-
provement for our conditions. However, for situations in
which inhomogeneities are larger or coherence times longer,

it appears likely that CORPSE or other composite pulse se-
quences can significantly improve the fidelities of single-
qubit rotations.

VI. SUMMARY AND OUTLOOK

We have encoded qubits in the ground-state manifold of
neutral Cs atoms trapped in an optical lattice, and imple-

FIG. 6. !Color online" Fidelity of a plain and three types of composite !-pulses, as a function of deliberately applied errors in either the
average detuning (0 or average resonant Rabi frequency '0. The pulse sequences are !a" CORPSE, !b" SCROFULOUS, and !c" BB1. Filled
and open circles are experimentally measured fidelities for the composite pulses and plain pulses, respectively. Solid lines are theoretical
fidelities found by solving the optical Bloch equations, using independently determined inhomogeneities and coherence times.

FIG. 7. !a" Polarimetry signals S!t" measured during a rotary-2!
spin-echo sequence !top" and a sequence of CORPSE !-pulses. The
nearly identical decay times demonstrate that the CORPSE pulse
successfully compensates for detuning errors, with little or no cost
incurred from the increased sensitivity to angle errors. !b" Popula-
tion of the logical-%1& state after an integral number of CORPSE
!-pulses. Solid circles are experimental data extracted from the
signal in !a". Open circles are theoretical values found by solving
the optical Bloch equations, using independently determined inho-
mogeneities and coherence times.
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mented accurate single-qubit !-gates simultaneously across
the entire ensemble by driving the atoms with microwaves
from a phase agile, programmable source. The fidelity of
these gates was found to depend primarily on spatial varia-
tions in the qubit transition frequency, which is Zeeman-
shifted by applied and background magnetic fields, and light-
shifted by the presence of the optical lattice. Spatial
variations in the microwave Rabi frequency and decoherence
from scattering of lattice light played a lesser role in limiting
the fidelity of simple rotations. Accurate estimates of the
!-gate fidelity were obtained from quantitative modeling of
Rabi oscillation data. When averaged over many data sets
taken over a three-month period, this yielded a value F!

=0.990!3". Independent estimates of coherence times were
obtained from rotary-2! spin echo sequences that effectively
compensate for inhomogeneities. Finally, we implemented
three types of composite pulses and tested their ability to
compensate for large, deliberately applied errors in Rabi fre-
quency or detuning. The CORPSE sequence provides in-
creased robustness against detuning errors, and is potentially
the most useful in an atom or lattice system where the plain
pulse fidelity is limited by detuning inhomogeneity across
the ensemble. In our experiment, the inhomogeneities and
coherence times are such that the advantage from increased
robustness is outweighed by additional decoherence during
the longer CORPSE sequence, and we were not able to
achieve any significant gain in fidelity. However, this situa-
tion may not be representative, and optical lattice experi-
ments elsewhere could offer tradeoffs that favor the use of
composite pulse techniques.

The single-qubit gate fidelities demonstrated here are
probably good enough that they will not limit neutral atom
quantum-information processing in the near future. Never-
theless, single-qubit control being the simplest task on this
particular platform, it is important to consider how one might
improve the performance significantly. The most straightfor-
ward approach is probably to increase the microwave Rabi
frequency, by using a more powerful microwave source
and/or moving the gain horn closer to the atomic sample.
Increasing the Rabi frequency tenfold while keeping other
parameters unchanged should reduce the single-pulse !-gate
time to '5.7 #s, and improve fidelity by nearly an order of
magnitude, to F=0.9987. Next, one might attempt to de-
crease inhomogeneities in Rabi frequency and detuning by
working with a more compact sample of atoms, as when

loading the lattice from a Bose-Einstein condensate #3$. One
might also attempt to increase the coherence time enough for
the robustness versus decoherence tradeoff to favor the use
of composite pulses. Much longer coherence times should be
readily achievable if one chooses a magnetic field insensitive
qubit encoding, employs far-detuned optical traps with lower
scattering rates, and improves the phase noise of the micro-
wave source. Furthermore, the use of relaxation optimized
pulse sequences has the potential to significantly reduce the
decoherence incurred for a desired level of robustness #17$.

A key challenge for quantum-information processing in
optical lattices is to develop methods to address and manipu-
late individual atomic qubits. In large-period optical lattices,
such addressable gates might be implemented with optical
Raman transitions and focused laser beams #28$, in a manner
similar to that used in ion traps #29$. Alternatively, one might
use magnetic field gradients #30$, or the light shift in a
tightly focused laser beam #31$, to map qubit position into a
shift in transition frequency, and use microwaves to selec-
tively manipulate an individual qubit or a group of qubits. In
practice, it will be challenging to accurately position a fo-
cused laser beam relative to an optical lattice, leading to
significant uncertainty in the frequency shift associated with
a given qubit position. In that case, it becomes essential to
use advanced composite pulse techniques that ensure high
gate fidelity for the targeted qubit, and simultaneous suppres-
sion of spurious rotations of the neighboring qubits. The
CORPSE response of Fig. 6!a" serves as a rough illustration
of the desired behavior: it offers high fidelity for a limited
range of detunings, and steep roll-off outside the acceptance
bandwidth. However, the CORPSE sequence is not opti-
mized to suppress qubit response everywhere outside the ac-
ceptance bandwidth, and is therefore unsuitable for robust
addressing. Preliminary work suggests that numerical opti-
mization of more complex pulse phase modulation can be
used to design composite pulses with nearly ideal response
#32$. We hope to explore the use of numerically optimized
composite pulses in future experiments aimed at higher fi-
delity and addressable single-qubit gates.
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APPENDIX D

MICROWAVE SPECTRUM

Having the ability to take microwave spectra of atomic transitions is an essential
tool for measuring many characteristics of the setup, diagnosing systematic errors,
and optimizing the performance of imaging and addressing. For the experiments
discussed in this dissertation we use microwave spectra for essentially three types
of measurements. First, in section 3.2 we measure the background magnetic field
with the microwave spectra before and after we optically pump the atoms into the
|4,�4i state. Second, in section 2.4.1 we measure the vibrational ground state
population, i.e., temperature of the trapped atoms, by observing transitions be-
tween trapped states with di↵erent vibrational quantum numbers. The population
of atoms undergoing these transitions can be accurately measured via microwave
spectra to extract information about the atomic temperature. Third, we measure
the superlattice beam position by examining the microwave spectra of the qubit
transitions.

In the following section we describe how we calculate the background magnetic
field, before optically pumping the atoms, with the microwave spectra. In section
D.2 we reprint a published article that discusses microwave transitions between
trapped states with di↵erent vibrational quantum numbers.

D.1 Background Field Measurements Without a Bias Field using Microwave Spec-
tra

The magnitude of the background magnetic field can be easily measured using mi-
crowave spectra when the field is large. There are 15 microwave transition peaks
in the spectra, shown in figure 3.5, which become separated in accordance with the
equation 2.10 when a magnetic field is present. By identifying a particular tran-
sition and its frequency with respect to the clock transition, we can calculate the
magnitude of the magnetic field (B). However, when the background magnetic field
is small enough such that the resonance peaks of these transitions in the microwave
spectrum are no longer resolvable, (see figure 3.5 (c)) we need to use a di↵erent
calculation method.
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We start by describing the microwave spectra as a convolution of the population
transferred to F = 3 states after applying the microwave pulse and the spectral
response of the applied microwave pulse. Note that we start with a mixed state in
the F = 4 hyperfine manifold before applying the microwave pulse. We can write
the functional form of the microwave spectra (F ) as

F (⌫) =
j=+7X

j=�7

cj�(⌫ � ⌫j) ⇤ 1p
2⇡�2

exp

✓
� ⌫2

2�2

◆
(D.1)

where ⌫ is the frequency with respect to the clock transition (9.192631770GHz), ⌫j
is the resonance frequency of the jth transition, cj is the population transferred to
F = 3 states for the jth transition, and � is the RMS width of the spectral response
of the applied microwave pulse. We label the 15 transition peaks that are observed in
the spectra with integers from j = �7 to j = +7, and �(⌫) is the Dirac delta function.
From equation 2.10 we see that ⌫j = j ·�⌫, where �⌫ = �E|4,1i��E|4,0i = µBgFB.
The symbol “⇤” signifies a convolution, therefore we can write

F (⌫) =

Z 1

�1
d⌫ 0

j=+7X

j=�7

cj�(⌫
0 � ⌫j)

1p
2⇡�2

exp

✓
�(⌫ � ⌫ 0)2

2�2

◆
(D.2)

and the variance of this function can be written as,

V ar{F (⌫)} =

Z 1

�1
d⌫F (⌫) · ⌫2

=
1p
2⇡�2

j=+7X

j=�7

cj

Z 1

�1
d⌫ 0�(⌫ 0 � ⌫j)

Z 1

�1
d⌫ exp

✓
�(⌫ � ⌫ 0)2

2�2

◆
· ⌫2

= �2
j=+7X

j=�7

cj +
j=+7X

j=�7

cj⌫
2
j (D.3)

If we normalize the population (cj), we can write

V ar{F (⌫)} ⌘ �2
F = �2 + (�⌫)2

j=+7X

j=�7

cj · j2 (D.4)

Therefore, we can write an expression for the magnitude of the background magnetic
field as

B =
1

µBgF

s
�2
F � �2

Pj=+7
j=�7 cj · j2

(D.5)

where µBgF = 0.35kHz/mG.
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D.2 Published Paper

The following reprint was originally published in the journal Physical Review Letters :

L. Förster, M. Karski, J.-M. Choi, A. Ste↵en, W. Alt, D. Meschede, A. Widera,
E. Montano, J. H. Lee, W. Rakreungdet, and P. S. Jessen (2009). Microwave
Control of Atomic Motion in Optical Lattices. Phys. Rev. Lett., 103, p. 233001.
doi:10.1103/PhysRevLett.103.233001.

American Physical Society (APS) Journals give authors the right to use the
article or a portion of the article in a thesis or dissertation without requesting
permission from APS, provided the bibliographic citation and the APS copyright
credit line are given on the appropriate pages.
(http://publish.aps.org/copyrightFAQ.html#thesis)
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We control the quantum mechanical motion of neutral atoms in an optical lattice by driving microwave

transitions between spin states whose trapping potentials are spatially offset. Control of this offset with

nanometer precision allows for adjustment of the coupling strength between different motional states,

analogous to an adjustable effective Lamb-Dicke factor. This is used both for efficient one-dimensional

sideband cooling of individual atoms to a vibrational ground state population of 97% and to drive coherent

Rabi oscillation between arbitrary pairs of vibrational states. We further show that microwaves can drive

well resolved transitions between motional states in maximally offset, shallow lattices, and thus in

principle allow for coherent control of long-range quantum transport.

DOI: 10.1103/PhysRevLett.103.233001 PACS numbers: 37.10.Jk, 05.60.Gg, 37.10.De, 37.10.Vz

Accurate, simultaneous control of multiple degrees of
freedom is crucial for the experimental realization of
quantum information processing and quantum simulation
[1]. Thus, in schemes that use trapped ions or atoms as
carriers of quantum information, qubits are often encoded
in internal states and the motional degree of freedom is
manipulated to engineer state-dependent interactions be-
tween them. In ion traps this involves the controlled exci-
tation of a collective mode of vibration [2], leading to
robust quantum gate protocols and entanglement of mul-
tiple qubits [3]. Proposals based on neutral atoms in optical
lattices rely instead on short-range collisional interactions
that occur only when the center-of-mass wave packets
overlap [4]. Accurate control of the collisional interaction
thus requires preparation of pure center-of-mass states, and
the ability to move atoms conditionally on the qubit state.
Variations of this approach have been used to entangle
pairs [5] and chains of atoms [6], with a fidelity limited
mainly by the speed and accuracy with which the optical
potentials can be changed during the transport phase. For
this reason there has been considerable interest in optimal
control techniques to improve atom transport in optical
lattices and other traps [7], mostly through more elaborate
control of the trapping potentials. Here we show that
microwave coupling between spatially offset, state-
dependent lattices allows sideband cooling to the vibra-
tional ground state, and thus offers an alternative means for
wave packet initialization in lattice geometries that cannot
easily be loaded from a Bose-Einstein condensate [8,9].
Our approach also provides new tools for coherent control
of atomic motion in static potentials [10]. In principle this
enables the generation of a broad class of spin-motion
entangled states [11,12], and lends itself to the application
of composite pulses and other robust control techniques
(see Ref. [13] and references therein).

We consider caesium (Cs) atoms with two hyperfine
states j#i ! jF " 3; mF " 3i and j"i ! jF " 4; mF " 4i,
which are coupled by microwave radiation. Here F andmF

are the total angular momentum and its projection onto the
quantization axis, respectively. Microwaves provide a co-
herent, homogeneous and readily controllable radiation
field, but since microwave photons have negligible mo-
mentum they are rarely considered for driving transitions
between vibrational states in atom and ion traps. We cir-
cumvent this limitation by trapping atoms in the j#i and j"i
states in separate optical lattice potentials offset by a
distance!x. The matrix element for a vibrational transition
is then proportional to the center-of-mass wave function
overlap, i.e., the Franck-Condon factor,@"n;n0 " @"0h~n0je#i!xp̂=@j~ni " @"0hn0jni; (1)

where "0 is the ‘‘bare’’ Rabi frequency for the j#i to j"i
transition in free space, n0 and n (~n0 and ~n) label the
vibrational quantum states in the shifted (unshifted) j#i
and j"i potentials, and p̂ is the momentum operator.
From Eq. (1) an effective Lamb-Dicke parameter !eff !
i!xp0=@ can be defined, where p0 is the size of the
harmonic oscillator ground state in momentum space. In
analogy to the usual Lamb-Dicke parameter defined for
optical transitions in traps with no offset, !eff enters as a
common factor in the Franck-Condon factors for various
n; n0 [14]. Changing !x allows us to tune the Franck-
Condon factor (and thus "n;n0) between an arbitrary pair
of vibrational states from zero to $0:5.
Comparing the size of the ground state wave packet x0

with the lattice spacing alat, one can identify two regimes
where the physics is qualitatively different. For deep lat-
tices the atomic wave packets are strongly localized, and
the overlap between different vibrational states is only
significant for displacements !x % alat. In this situation
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the motion is confined to a pair of neighboring wells of the
j#i and j"i lattices; see Figs. 1(a) and 1(b). This regime is
similar to the recently reported coupling of a charge-phase
qubit to an LC oscillator [15] or the coupling of motional
and spin states of trapped ions using rf radiation and a static
magnetic field [14].

For shallow lattices the extent of the wave packet be-
comes comparable to half the lattice spacing (x0 & alat=2).
In this regime the overlap between the j#i and j"i wave
packets is significant even for the maximum offset of!x "
alat=2. In that case the microwave field introduces nearest-
neighbor coupling between potential wells throughout the
j#i and j"i lattices as illustrated in Figs. 1(c) and 1(d). The
result is a quantum walk of the atom on the lattice [9],
equivalent to ballistic tunneling in a "lat=4 period micro-
wave dressed lattice potential.

Our lattices are created by two counterpropagating laser
beams with linear polarizations forming an angle #. The
resulting light field consists of two circularly polarized
standing waves, which can be shifted in opposite directions
along the axis by adjusting the angle #. Because of the
different tensor polarizabilities of the j#i and j"i states, this
leads to spatial offset of their respective lattice potentials
[16]. Microwave radiation around 9.2 GHz couples the j#i
and j"i states with a bare Rabi frequency "0 of up to
60 kHz, while a magnetic field of up to 3 G lifts their
degeneracy with other Zeeman states. Spectra are obtained
by scanning the frequency of the microwave field and
detecting the number of atoms in state j#i or state j"i
[13,17]. For !x " 0, transitions to different vibrational
levels are not detectable, but when the displacement is
sufficient for the effective Lamb-Dicke parameter !eff to

be non-negligible, the spectrum consists of both a carrier
(j"; ni $ j#; ni transitions) and sidebands at &!ax

(j"; ni $ j#; n& 1i transitions); see Fig. 2.
The regimes of strong and weak confinement have been

realized in separate experiments [18]. Strong confinement
is realized in a one-dimensional (1D) geometry, in which
two counterpropagating laser beams with a wavelength of
"lat " 865:9 nm are focused to a waist of 20 #m. After
molasses cooling and subsequent adiabatic lowering of the
trap depth to kB ' 80 #K, the atoms have a typical tem-
perature of $10 #K. For our axial and radial trapping
frequencies of !ax " 2$' 110 kHz and !rad (
2$' 1:1 kHz, the atoms populate vibrational states with
a mean quantum number of #n ( 1:2 axially and #nrad ( 200
radially.
Weak confinement is realized in a shallow, three-

dimensional optical lattice consisting of three individual
1D lattices whose optical frequencies differ by tens of
MHz. The lattice is loaded with 106 Cs atoms, which are
sideband cooled [19] into the j#i state, with a mean vibra-
tional excitation of 0.1–0.2 for each dimension. During
microwave spectroscopy we set # " 0 for the transverse
lattices, and the lattice depths are adjusted to obtain vibra-
tional frequencies !ax " !trans " 2$' 18 kHz. The
common lattice detuning is 140 GHz blue of the Cs D2

line, where the j#; 0i $ j"; f0; 1gi transition frequencies
show minimal dependence on lattice depth; see below.
In the strongly confining lattice we begin our experi-

ments by sideband cooling the atoms with a microwave
field tuned to the j"; ni $ j#; n# 1i transitions. This cor-
responds to the blue sideband of the spectrum as the
cooling cycle starts in the upper hyperfine state.
Repumping on the F " 3 ! F0 " 4 transition of the D2
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FIG. 1 (color online). (a) Deep, slightly offset state-dependent
optical lattices for the j#i and j"i hyperfine states. (b) The offset
enables on site microwave transitions changing the vibrational
quantum number. (c) Maximally offset, shallow lattices.
(d) Microwave radiation can couple an initially localized popu-
lation of j#i symmetrically to the neighboring potential wells and
further throughout the lattice.
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FIG. 2 (color online). Microwave spectra for strong confining
and slightly displaced (!x " 24 nm, # " 0:064$) traps, for
(a) molasses cooled and (b) sideband cooled atoms with a ground
state population of 97%. The pulse area amounts to $ for both
sidebands and to 1:6$ for the carrier. (c) Spectrum for all
vibrational states in the trap, starting from the axial ground state.
The different spectra correspond to (from back to front) !x "
f0; 43; 111; 176g nm (# " f0; 0:112; 0:280; 0:420g$).
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line breaks the coherence of the microwave transition, and
subsequent spontaneous emission brings the atom back to
the j"i state. In addition, a second, circularly polarized laser
beam on the F " 4 ! F0 " 4 transition ensures spin po-
larization in state j"i. We apply the microwave field and
repumping laser simultaneously for 20 ms. For the re-
pumping process, both the recoil of the photon and the
lattice shift violate the assumption of a preserved vibra-
tional quantum number [20]. The influence of the latter is
minimized by choosing a relatively small lattice angle for
cooling (# " 0:025$, !x " 10 nm). A spectrum of side-
band cooled atoms is shown in Fig. 2(b). By comparing the
areas of the blue and red sideband peaks [21] we find 97%
axial ground state population ( #n " 0:03& 0:01, Tax "
)1:6& 0:1* #K), mainly limited by residual off-resonant
excitation of the final state.

Vibrational spectra can be obtained by adjusting the
coupling strength to favor transitions from the axial ground
state to a chosen group of final states. Figure 2(c) shows a
series of four such spectra measured for different !x,
mapping out all bound states in our trap. The experimen-
tally measured transition frequencies are in agreement with
a 1D band structure calculation, but the observed line-
widths suffer from inhomogeneous broadening associated
with the (uncooled) radial motion of the atoms. Because of
the nonharmonic radial potential the transition frequency
depends on both the radial position and the order of the
sideband [20].

Coherent Rabi oscillations for the first and seventh red
sideband transitions starting from state j"; 0i are shown in
Figs. 3(a) and 3(b). Their Rabi frequencies can be adjusted
by the displacement !x to be on the same order of magni-
tude as the bare Rabi frequency of 60 kHz. It is also
instructive to observe Rabi oscillations that start from a

thermal distribution of vibrational states. In that case the
signal is a sum of Rabi oscillations at a series of distinct
frequencies, each corresponding to a transition j"; ni $
j#; ni and contributing in proportion to the population of
the initial state. Figure 3(c) shows such a beat signal
obtained for !x " 15 nm (# " 0:036$). From the
Fourier transform [Fig. 3(d)] we deduce the probability
of occupancy p)n* $ exp+#En=)kBT*, [22]. This leads to a
mean axial vibrational quantum number of #n " 1:0& 0:2
[Tax " )8& 1* #K].
To illustrate the range of adjustable coupling strength,

we measure the Rabi frequencies of three transitions (the
carrier and the first red and blue sidebands) starting from
the j#; 1i state for different displacements !x; see Fig. 4.
For weak coupling ("0=!ax % 1), this yields direct infor-
mation on the wave function overlap between the initial
and final wave functions according to Eq. (1). Since our
data are not taken in this regime, we compare instead to a
theoretical model that takes into account microwave dress-
ing and off-resonance excitation. This is done by first
calculating the band structure and Bloch states [23], then
integrating the Schrödinger equation in the Bloch basis,
and finally determining the Rabi frequency from the time
dependent oscillation of the j#i and j"i states. Transverse
motion in strongly confined lattices is modeled by averag-
ing the result of several such calculations for different lat-
tice depths. For most displacements, our model predictions
differ negligibly from Eq. (1), and reproduce our experi-
mental data for strong and weak confinement quite well.
In our weakly confining lattice a small but nonzero Rabi

frequency remains even for displacements of !x " "lat=4,
as shown in the inset in Fig. 4. We stress that in a 3D lattice,
spatial inhomogeneities of the trapping potential can lead
to frequency broadening of transitions between the various
bound states, but that it is possible to find a ‘‘magic’’ lattice
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FIG. 4 (color online). Measured Rabi frequencies of the
carrier (-) and the red (e) and blue (h) sidebands, starting
from state j#; 1i for different polarization angles #. Solid lines
are predictions of a full model. The offset !x (upper axis)
depends nonlinearly on the polarization angle #. The inset
shows measured and calculated Rabi frequencies in a shallow
lattice, for # . $=2.
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detuning [24] for which this sensitivity is suppressed for
some states and for a limited range of !ax [Fig. 5(a)].
Figure 5(b) shows an example of a measured spectrum in
a lattice with !x " "lat=4, along with a theoretical pre-
diction from our model based on integrating the
Schrödinger equation in the Bloch basis and including
inhomogeneous broadening from variations in the lattice
depth and magnetic field across the atomic ensemble. The
excitation pulse has a Gaussian envelope with a 1 ms full
width at half maximum and pulse areas of 0:35$ for the
j#; 0i $ j"; 0i transition and 0:9$ for the j#; 0i $ j"; 1i
transition. In this geometry, coupling between states
throughout the lattice [Figs. 1(c) and 1(d)] will drive a
quantum walk that delocalizes an atom in space on a time
scale comparable to the Rabi period. At this point tracing
over the spatial degree of freedom leads to a statistical
mixture of the j#i and j"i states. Experimentally, we see this
as a rapid damping of the Rabi oscillation. The demonstra-
tion of clearly resolvable lines in the microwave spectrum
is a prerequisite for control of quantum transport, explored
theoretically in [12].

In summary, we have demonstrated microwave control
of atomic motion in state-dependent optical lattices. We
have used this to implement a convenient scheme for
sideband cooling, and to drive coherent Rabi oscillations
between selected pairs of vibrational states. In the near
term our approach may prove useful in optical lattice based
quantum simulation, e.g., by populating high-lying bands
and controlling the tunneling properties in deep lattice
potentials. Possible applications include investigations of
nonequilibrium systems [25] on the border between clas-
sical and quantum thermodynamics. Other prospects in-
clude detection and control of two-body interactions and
trap induced resonances [26]. In the longer term, micro-
wave driven quantum transport may be a good candidate

for robust control, which will likely prove essential to
quantum information processing.
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FIG. 5 (color online). Vibrational spectroscopy in a weakly
confining lattice with !x " "lat=4. (a) Calculated light shift of
the j#; 0i $ j"; f0; 1gi carrier and sideband transitions. The
shaded areas indicate line broadening due to band curvature.
The dashed line indicates the !ax used in our experiment.
(b) Microwave spectrum. Solid points are experimental data,
the line a prediction from our full model. The various linewidths
reflect the slope of the light shift curves in (a).
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