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ABSTRACT

In this thesis I describe the experimental progress towards the construction of an atomic qubit
array. 49 single atom qubits are trapped in a 7 X 7 array which is then used in quantum logic
experiments. I will describe how the atoms are loaded, initialized, measured and used to perform
single- and two-qubit operations. We achieve parallel single qubit operations with an average
fidelity of 0.9983(14) and single qubit operations on a single site with fidelity equal to 0.9923(7).
Interactions between atoms excited to Rydberg states are used for two-qubit operations and two
qubit entanglement. We achieve a two atom entanglement fidelity just above threshold and discuss

in detail some factors limiting our two-qubit gates.



Chapter 1

Introduction

The rich field of quantum information science has rapidly progressed in the last 25 years.
This fact is largely due to the discovery of Shor’s algorithm for factoring large numbers in 1994
[3]. Shor’s algorithm is just one example of how a quantum computer can outperform a classical
supercomputer. Such algorithms along with the discovery of quantum error correction in 1996
[4-6] led to a flurry of proposals for physical implementations many of which are being pursued
by experimentalists across the world today.

When discussing the physical implementation of quantum computers, many reference the Di-
Vincenzo criteria [7]. These criteria outline the basic elements a physical system needs to be a

viable candidate for quantum computing. The five criteria are:
1. A scalable physical system with well characterized qubits
2. The ability to reliably initialize the state of the qubits
3. Long coherence times, relative to gate operation times

4. A*universal” set of quantum gates

)

. State specific qubit measurement

A partial list of physical implementations include trapped ions [8], superconductors [9], semi-

conductor quantum dots [10], photons [11] and, of course, neutral atoms.



1.1 Neutral atom quantum computers

Neutral atoms are an attractive candidate for quantum computing. The same properties that
make atoms good frequency standards and clocks, the long-lived hyperfine states that are ro-
bust against decoherence, can be exploited for quantum information processing purposes. Unlike
trapped ion systems, a leading candidate in the quantum computing race, the scaling of atomic
systems is more straightforward. Optical lattices formed by interfering laser beams are commonly
used in atomic physics labs to trap thousands of atoms. When combined with a Bose-Einstein con-
densate a Mott-insulator regime can be met where the same number of atoms is deterministically
loaded across hundreds of sites in a lattice[12]. More recently site-resolved single atom detection
has been achieved in such lattices [13].

Unlike two ground state ions who experience a strong Coulomb coupling, ground state neutral
atoms couple via the magnetic dipole-dipole interaction which is negligible at the several micron
separation needed for individual qubit addressing. Two qubit coupling needed for entanglement
can be realized in several ways in neutral atom systems. Proposals for such include short-range
electric dipole interactions [14], cold controlled ground state collisions [15], coupling of atoms
to photons [16], magnetic dipole-dipole interactions [17], spatially delocalizing qubits [18] and
Rydberg mediated interactions [19]. The attractive feature of the latter protocol, which is the
approach taken in this thesis, is that at no time are interatomic forces experienced by the atoms.
The atoms do not need to be moved around in order to interact and this protocol can be done on us

time scales. Also the interaction is not restricted to nearest neighbor.

1.1.1 The Atomic Qubit Array

The aim of the Atomic Qubit Array (AQuA) is to build an array of neutral atoms qubits. To meet
the first of the DiVincenzo criteria, AQuA uses an array of single cesium atoms. The atoms are first
laser cooled then loaded into optical dipole traps. The qubit is encoded in the clock states of the
hyperfine ground state. We define [0) = (6512, F' = 3,my = 0) and |1) = |651 /2, F' = 4, m; = 0).
Most of the work presented in this thesis was done with a 49 site array which was scaled up from

an original 6 site array. Scaling the array further amounts to adding more traps which is currently



limited by the amount of laser power available. The atom cooling and trapping set-up is the subject
of Chapter 2 and 3.

Qubit initialization, criterion 2, is achieved using well developed optical pumping techniques
[20] and is discussed in Chapter 3. Ground state neutral atoms are known to have long coherence
times. Coherence times as long as 58 s have been observed in magnetically trapped atomic ensem-
bles [21]. Our single atom qubits typically have coherence times around 5-10 ms while quantum
gates are executed in a few ps for the 2 qubit gate and 50 us for the single qubit gates thus fulfilling
criterion 3.

Quantum computers are, of course, meant to run quantum algorithms. Quantum algorithms are
typically specified as a series of unitary transformations acting on a small subset of qubits. A set of
gates is universal if any operation acting on any number of qubits can be constructed using that set
of gates. For example, in classical computing NOT and AND form a universal set of gates. In order
to meet criterion 4, our universal set of quantum gates is composed of the set of all single qubit
gates and the two qubit controlled NOT (CNOT) gate. Single qubit gates are simply performed
by coherently transferring the population between the two hyperfine states which is the subject of
Chapter 4. To implement a CNOT gate we need a way to deterministically control interactions
between two qubits. We do this using the Rydberg blockade protocol [19]. Demonstration of the
CNOT gate in the array of qubits is the main goal of this thesis and is discussed in great detail in
Chapter 5 and 6.

Finally, criterion 5, state specific qubit readout is necessary for knowing the result of a com-
putation. The qubits are read out by collecting fluorescence at the end of an experiment sequence.
To readout a specific state a single beam that is resonant with only one of the hyperfine states is
turned on which ejects the atoms in that state from the trap. The absence or presence of an atom
upon readout then signifies that the atom was in a particular state. The method is destructive and

means the traps need to be reloaded every experiment cycle.



1.2 The Rydberg blockade quantum gate

In 2000 the concept of using the Rydberg blockade to perform a 2 qubit gate for qubits sepa-
rated by more than 1 gm was proposed [19]. The excitation of one atom into a Rydberg excited
state, a state with large principle quantum number n, shifts the energy of the Rydberg state of a
nearby atom. If the shift is large enough, the excitation of the nearby atom into the Rydberg state
is suppressed or blockaded.

The effectiveness of this process depends on the interactions between the two atoms in their
various states. As mentioned above, two ground state atoms that are held in neighboring dipole
traps separated by several microns interact dominantly through the magnetic dipole-dipole inter-
action which is roughly ~ 107 Hz [22] at 10 pum. This interaction is negligible.

The interaction between two atoms excited to Rydberg states approaches the resonant dipole-
dipole limit

(n?eag)?

V;"r - 3

~ 100MHz (1.1)

for R = 10 pym and n ~ 65 [22]. This value is much larger than the natural line width of typical
Rydberg states and is much larger than the typical MHz Rabi rates used to drive the transitions.
This means if one atom is excited into the Rydberg state, the corresponding Rydberg state of the
neighboring atom will be highly off resonant. Through excitation to the Rydberg state of just one
of the atoms in a pair, we can turn on an interaction that is 13 orders of magnitude stronger than
the interaction between two ground state atoms.

This Blockade mechanism can be used to implement a controlled-phase gate which can be used
to create a CNOT gate and entanglement. Labeling one atom as the ‘control’ and the other as the
‘target’, the control atom is excited to the Rydberg level, |r), via a w-pulse resonant with the |1) to
|r) transition. This is followed by a 27 Rydberg pulse on the target atom resonant with |1) to |r).
Upon completion of the 27-pulse, the target atom picks up a 7 phase shift unless the control atom
started in |1) and thus was excited to the Rydberg state. In this case the Rydberg excitation of the
target atom is blockaded and its phase remains unchanged. Then a second 7-pulse is applied to the

control atom, completing its rotation back to the ground state and picking up a phase shift of 7.



To see how this is a controlled phase gate consider the two-atom computational basis states, |ct),

individually:

|00) — |00) Both atoms will be off-resonant with the Rydberg pulses so no excitation occurs; no

phase is accumulated.

|01) — —|01) The control is off-resonant with the Rydberg pulses so the target can complete a 27

rotation picking up a 7 phase shift.

|10) — —|10) The control completes a 27 picking up a 7 phase shift while target is off-resonant

with the Rydberg pulses.

|11) — —|11) The control completes a 27 picking up a m phase and while in the Rydberg state

blockades the excitation of the target.

This results in a controlled phase gate

1 0 0 0
0 -1 0 O
C, = (1.2)
0 0 -1 0
0 0 0 -1

When the controlled phase gate is sandwiched in between two ground state 7 /2 rotations the
operation becomes a CNOT gate. This gate can in turn be used to make the two qubit entangled
Bell states. In reality, the excitation beam needed for the Rydberg excitation induce additional
phase shifts. A detailed analysis of this and its consequences for creating CNOT and Bell states is
the subject of Chapter 6.

Much experimental progress has been made exploring this avenue of neutral atom quantum
computing. Coherent excitation between ground and Rydberg states of single atoms was first
demonstrated in 2008 [23]. Blockade between two single atoms was then demonstrated in 2009
[24, 25]. Finally, two atom entanglement was demonstrated in 2010 [26-28]. More recently two
atom entanglement using a Rydberg-dressed ground-state Blockade mechanism was demonstrated

[29].



Chapter 2

Experimental Set-up

The main goal of the Atomic Qubit Array (AQuA) experiment is to develop a system capable
of performing quantum logic on individually addressable single atoms. As outlined in Chapter 1
the DiVincenzo criteria outlines the basic elements a physical system needs in order to be useful

in the context of quantum computing [7]. The five criteria are

[

. A scalable physical system with well characterized qubits

2. The ability to reliably initialize the state of the qubits

(98]

. Long coherence times, relative to gate operation times

4. A “universal” set of quantum gates

)

. State specific qubit measurement

The aim of this chapter is to describe the experimental apparatus we have built to fulfill these
requirements. The experimental apparatus is shown schematically in Fig. 2.1. A hexagonal glass
vacuum chamber is at the heart of the experiment. It is here that we load single atoms into an
array of dipole traps and use the trapped atoms as quantum bits. We manipulate the qubits using
microwaves for global rotations or tightly focused laser beams for single site rotations. We can then
readout the state of the atom by collecting fluorescence with the same high numerical aperture lens
that is used to tightly focus the trap and excitation beams.

This chapter will explain each of the individual parts of Fig. 2.1. In section 2.1 I will introduce
the hexagonal cell and describe the preparation of atoms in the cell to form a cold, dense atomic

cloud. This source of cold atoms is needed to load the dipole trap array, the subject of section 2.2.
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Figure 2.1: Schematic of the AQuA experiment

Once loaded into the array, we have established a scalable physical system of well characterized
qubits thus fulfilling the first requirement. The qubit itself is encoded in the clock states of the
hyperfine ground state. We define [0) = |f = 3,m; = 0) and |1) = |f = 4,m; = 0). The
magnetic-field insensitive, my = 0, Zeeman levels of the long-lived ground state can have very long
coherence times if further cooled in the dipole traps fulfilling the third requirement. Discussion of
this will be saved for Chapter 4. In section 2.3 I will describe how we image the atoms once they
are trapped. In section 2.4 I will describe how we satisfy the second and fifth requirement with our
optical pumping and state readout set up. The next goal is qubit manipulation in order to perform a
universal set of quantum gates, requirement four. Single qubit operations are performed using the
microwave horn for global operations or a tightly focused beams for single site operations. For two
qubit gates, long range Rydberg interactions are accessed via two photon transitions. This will be
discussed in great detail in the remaining chapters of this thesis. In section 2.5 I will describe the
2D beam scanners needed for aligning to specific qubit sites in the array. The 1038 nm 2D scanner

and the 459 nm 2D scanner shown in Fig. 2.1 are used for single qubit and two qubit operations.



2.1 2D/3D Magneto-Optical Trap

As the first step of our qubit experiments, we must load single atoms into an array of dipole
traps. The atoms must be sufficiently colder than the depth of the traps for stable and reliable
trap loading. Standard laser cooling and magneto-optical trapping (MOT) techniques are used to
achieve dense clouds of atom with temperatures around 50 pK or colder suitable for loading into
our traps. These techniques were developed in the late 80’s [30—33] and are regularly used in
atomic physics experiments. There are many good text books and review articles on the theory of
laser cooling and trapping [34-36].

The two dimensional array of optical dipole traps are loaded from a three-dimensional magneto-
optical trap (MOT). Often, MOTs are loaded from the hot background vapor in a vacuum cell. We
require this background to be as low as possible as our imaging techniques described in section 2.3
involve turning on the MOT beams and collecting the fluorescence from the trapped atoms. If this
background is to high the single atom signal will not be resolvable above the background. These
hot background atoms will also limit the trap lifetime by colliding with the atoms in the trap [37].
However, a low cesium background pressure leads to a long MOT loading time, reducing the data
rate. To get the best of both worlds we use a double cell, differentially pumped vacuum system'.
A 2D-MQOT [38] loaded from a hot vapor in the lower chamber creates a high flux beam of cold
atoms that is used for loading the 3D-MOT in an upper chamber. A SolidWorks drawing of the cell
is found in Fig. 2.2. The bottom half is a square glass cell which houses the 2D-MOT. In this cell
a cesium dispenser which is run at a constant 3A creates the hot vapor from which the 2D-MOT is
loaded. The 3D-MOT is formed in a hexagonal glass cell. A 750 yum pinhole separates the lower
square cell from the vacuum pump which is connected between the two cells. The hexagonal cell
is composed of 7.3 mm thick Pyrex windows, and has an internal window to window width of
20 mm. The geometry of the double cell system means that there is no optical axis on the bottom
window of the top cell aside from the 750 pm pinhole. Because of this a mirror is placed inside of
the bottom of the hexagonal cell 1.5 mm right from center. The mirror is used to create the vertical

cooling beam for the 3D-MOT, as seen in Fig. 2.2.

Lcustom ColdQuanta vacuum chamber
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Figure 2.2: Diagram of 2D/3D double MOT set-up

The 2D-MOT is created using two pairs of counter-propagating, circularly polarized, elliptical
beams with a 4 x 6 mm 1/e? radius and 5 mW of 852 nm power in each beam. The two pairs
of beams are perpendicular to each other and to the atomic beam axis defined by the vertical
line of zero magnetic field. The 20 G/cm magnetic field gradient is produced by two pairs of
84 mm X 48 mm rectangular anti-Helmholtz coils separated by 38 mm. A push beam is aligned
along the atomic beam axis and through the aperture which connects the lower square cell to the
upper hexagonal cell. The push beam has a waist of 5 mm with 3 mW of power.

The 3D-MOT is formed using three pairs of circularly polarized, counter-propagating beams,
with a quadrapole magnetic field that has a gradient of 20 G/cm in the vertical direction. The
quadrapole field is formed by a pair of anti-Helmholtz coils. The coils have a diameter of 60 mm

and are separated by 60 mm. They are composed of 100 turns of 22 gauge copper wire giving a
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field strength of 17.8 G/cm/A. The 3D-printed MOT coil holder also houses 4 pairs of shim coils-
one for each window pair of the hexagon and one for the vertical direction. The shims are used to
null out stray magnetic fields. One pair will also be used as the bias field discussed in section 2.4.
Each of the horizontal coil pairs have a diameter of 37.4 mm with a 76.2 mm spacing giving a field
strength of 0.6 G/A for 10 turns of the 22 gauge copper wire. The vertical coil pair have a 61.7 mm
diameter and 46.4 mm spacing giving 1.8 G/A with 10 turns of the 22 gauge copper wire.

The horizontal 3D-MOT beams each have a waist of 2.5 mm and the vertical pair has a waist
of 1.54 mm with a total of 5 mW balanced between the beams to give equal intensity at the atoms.
Due to the geometry of the hexagonal cell, the horizontal beams cross at a 60 degree angle. This
2D-MOT to 3D-MOT set-up allows for a MOT loading time less than 500 ms in a very good
vacuum less than 10~ torr. This ensures long trap lifetimes on the order of 20 s without sacrificing
the data rate. Details of these timings are explained in Chapter 3. In typical experiments we load
the MOT for 300 ms and our overall data rate is around 2 Hz.

For laser cooling and trapping in cesium, 852 nm light resonant with the 6s1/2, f = 4 —
6ps/2, [' = 5 cycling transition is needed. Along with this, light resonant with 6515, f = 3 —
6ps3/2, [’ = 4 is necessary to “repump” the atoms that are depumped into f = 3 back into the f = 4
so they can interact with the cooling light. A commercial 852 nm laser? is used for the 3D-MOT
cooling beams. The 4 x 4 inch temperature-controlled laser module is mechanically robust and
includes a distributed Bragg reflector (DBR) laser diode. The output of the laser module is sent to
a spectroscopy module® which houses a temperature-stabilized cell filled with cesium vapor used
for saturated absorption spectroscopy [39]. Using the spectroscopy signal the laser is locked to
the f =4 — f/=3and f =4 — f' = 5 cross-over line which is detuned -226 MHz from
the f = 4 — f’ = b5 resonance. After the spectroscopy module, part of this light gets picked
off for the blow away beam which will be discussed in section 2.4. The rest is sent through a
tapered amplifier (TA)* to amplify the light to 200 mW. An acousto-optical modulator (AOM)
driven by 108 MHz is set up in a double pass configuration to shift the frequency closer to the

cycling f = 4 — f’ = b transition, resulting in a detuning of -10 MHz or in terms of natural

2Vescent Photonics D2-100-DBR
3Vescent Photonics D2-110
4m2k-TA-0850-2000-CM
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line width of the 6ps/, state, -1.9 I'. Here the detuning is defined to be the laser frequency, wy,
minus the atomic resonant frequency, w4. The AOM is controlled by a Direct Digital Synthesis
(DDS) board which allows us to easily switch between different frequency and amplitude settings
during experiments. 1 mW of “repumper” is added to the beams. A second 852 nm laser® is used
for the repumper light and is locked to the f = 3 — f' =2 and f = 3 — [’ = 3 cross-over
line. The repumper light is split into two paths. Each path is sent through a single-pass AOM
driven by 278.5 MHz which shifts the light to be resonant with the f = 3 — f’ = 4 transition.
One of these AOMs is used for the 2D- and 3D-MOTs. The second will be used with the optical
pumping described in section 2.4. The AOM for the MOT repumper is also controlled by a DDS
board and can be easily switched on and off during experiments. A third 852 nm laser® is needed
for the 2D-MOT beams. This laser is comprised of a Fabry-Perot laser diode and a grating. The
grating is placed less than 1 cm from the diode at a fixed position. An asphere and anamorphic
prism produce a circular beam inside the module which is sent to an external isolator before being
sent to the spectroscopy module described above. The laser is locked tothe D2 f =4 — [/ =4
and f = 4 — f’ = 5 cross-over line which is -125.5 MHz detuned fromthe f =4 — f' =5
resonance. A double-pass AOM driven by 57.75 MHz shifts the frequency closer to the cycling
f =4 — f’ =5 transition, resulting in a detuning of -10 MHz or -1.9 I". This AOM is driven by
a voltage controlled oscillator (VCO) and remains fixed through out the experiment. 150 W of
repumper light is also added to the 2D-MOT beams. The repumper light is shared by both 2D- and
3D-MOT set-ups. The 2D-MOT is left on during the MOT loading phase of an experiment and is
switched off using a mechanical piezo shutter. The 2D-MOT gradient field remains fixed.

All cooling and repumper light are shifted by their respective AOMs then coupled into optical
fibers which are sent either directly or indirectly to the experiment. The 3D-MOT cooling and
repumper light is first sent to a switch-yard where it is combined and coupled into three different
fibers that are then sent to the experiment.

Exactly how we use this set up to load single atoms into the dipole traps is the subject of

Chapter 3.

5Vescent Photonics D2-100-DBR
6Vescent Photonics D2-100-CECL
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Figure 2.4: 6ps3/, laser locks plus AOM frequencies needed for laser cooling and repumping in

cesium, diagram from [1].

2.2 Dipole traps

Advanced techniques for trapping charged and neutral particles have become routine in atomic
physics experiments over the last couple of decades[34]. For charged particles (ions), the Coulomb
interaction is routinely used for trapping in electric fields[40]. Neutral atoms, however, must be
trapped using much weaker mechanisms than the Coulomb interaction and therefore must be laser-
cooled before being trapped. Neutral atoms can be trapped by inducing an atomic dipole moment,
by using magnetic fields, or with radiation pressure[36, 41]. Here we use the first method of
inducing a dipole moment using far-detuned light.

The trapping potential due to a far off resonant laser field is given by Ugi, = —ia|€ |2 where

« is the polarizability and £ is the electric field amplitude. The polarizability is calculated by
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accounting for all allowed transitions to excited states which for cesium is dominated by contribu-

tions from the first resonance lines. For large detunings this is approximately

7T, 2 . 1
2w§ A3/2 A1/2

Udip = )I(r). @.1)

Here c is the speed of light, w, and I are the frequency and decay rate of the 6s; /o — 6p3 /2 tran-
sition, Ag/o(1/2) are the laser detunings from the 6ps/o(1/9) states and I(r) is the spatially varying
intensity of the trapping field. The detuning is defined as A = wqip — w, so that if A < 0 (red-
detuned) the potential is lower where the intensity is higher and therefore the atom is attracted to
the region of highest intensity. By engineering the intensity profile we can create arbitrary trapping
geometries. The simplest example of this is tightly focused Gaussian beam whose peak intensity
with power P and waist w is I(0) = 2L, [42].

When A > 0 (blue-detuned), the potential increases with increasing intensity and therefore the
light repels the atoms. In this case atoms are trapped at the intensity nulls. The high intensities
needed for red-detuned traps lead to higher photon scattering rates and light shifts than compared
to blue-detuned traps. In addition blue-detuned configurations allow for simultaneous trapping of
both Rydberg excited states and ground states[43].

In the context of quantum computing experiments, we require our dipole trap array to have
certain characteristics. First, the traps should be inherently scalable to a large number of sites in
order to have a large number of qubits. The traps must be small enough to ensure sub-Poissonian
single atom loading via light-assisted collisions [44, 45] but have a large enough spacing to have
the ability to spatially resolve qubits for readout and single site addressing for qubit manipulation.
The sites also need to be sufficiently spaced to make the Rydberg blockade effective, on the order
of ~10 pm.

Arrays of dipole traps can be created in a number of ways using microlenses [46], holographic
elements [47], or diffractive optics [48]. Another common technique is to create an optical lattice
by interfering Gaussian beams in three dimensions [49].

We have demonstrated single atom loading into two different types of projected Gaussian beam
trap arrays[2]. The first is a 6 site, half incoherent array. The second a 49 site, fully incoherent

array. The meaning of half incoherent and fully incoherence will be made clear in section 2.2.1.
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The traps are created with 780 nm light which is blue-detuned for cesium. Atoms are trapped in the
intensity nulls in between tightly focused Gaussian beams. Localization in the beam propagation
direction is provided by the diffractive spreading of the beams. This approach is more desirable
than the optical lattice approach for two reasons. First it is inherently two dimensional which
means there is no crosstalk from neighboring planes. Second it does not rely on interference which

means it is stable against trap position drifts due to optical phase fluctuations.

2.2.1 Projected Gaussian Beam Array

A single trap is created by weakly overlapping four Gaussian beams each with a waist, wy,
separated by a distance d as shown in Fig. 2.5. The separation to beam waist ratio, s = d/wo, is
used to characterize the trap. The phrase “weakly overlapping” is used when d > w, with s ~ 2.
In this regime, the overlap of neighboring beams is significant while the overlap of beams at larger
distances is negligible.

In the first type of array neighboring beams have orthogonal polarizations so their intensities
add. Diagonal beams, separated by v/2d, have the same polarization so their electric fields add and
phase variations between these beams can lead to variations in the trap intensity at the center of
each unit cell. This type of array is called “half-incoherent”. To calculate the trap depth we need
to calculate the intensities at the saddle point and at the trap center. At the saddle point, half way
between two beams on the side of a unit cell, the intensity is approximately the sum of intensities

from the two nearest beams
IH = 21,e 22 ws — 9] o=@ /2w (2.2)

where [, is the single beam peak intensity. At the center of the trap, the intensity can be approx-
imated by adding the electric fields of the two diagonal beams which share a polarization and
adding the intensities of the two polarization pairs. The electric fields are summed assuming the

diagonal beams are in phase and therefore constructively interfere. Then the center intensity is

IH = 21,(2e~ (V2 wiy2 — g o=d*/w3 (2.3)
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Figure 2.5: Intensity distribution of Gaussian beam array in the x-y (a) and x-z (b) planes. Beams
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normalized array period for half-incoherent array. Variation at constant peak intensity [ in (c),
and variation at constant average intensity /; in (d). (¢)Normalized trapping depth and intensity at

trap center versus normalized array period for full-incoherent array at constant average intensity

14. [2]

The trap depth is then proportional to the difference of the center intensity and the saddle point

intensity,
IF =0 7 = oL e~ /2051 — 4e= /%) = 2L, /2(1 — 4e~"). (2.4)

There is a maximum trap depth when sy = /(21n8) ~ 2.04. Setting s = s, we find [Z = I,/4,

I f =1,/8, ItH = 1,/8. For fixed optical power and fixed lattice period, d, the average intensity in

P

a unit cell of area d? is I} = = % The trap depth as a function of average intensity and waist

ratio is

Ag? —s2/2
L= (1412, (2.5)
T

This reaches a maximum of /7 /I = 0.35 when s = 2.19.
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We can derive the approximation of the potential at the trap centers which is used to find the

effective spring constants of the traps [43]

2 —s
K S (s —2)e™*,
Ky = K, (2.6)
S e

o
2600

where U; = 1, 1s the trapping potential which is proportional to the “trap depth intensity”,
14, and « is the atomic polarizability. A is the trapping wavelength, equal to 780 nm here. The
corresponding oscillation frequencies are then w = \/W where m, is the atomic mass. These
are measured experimentally in Chapter 3.

The second type of array is designed such that a unit cell is created with four incoherent beams.

We call this array “fully-incoherent”. All four intensities can be summed together to calculate the

saddle and center intensities

IF =21/, 2.7)

IF = 41 (2.8)

The center intensity is reduced by a factor of two as compared to the half-incoherent case. Since
the saddle intensity is unchanged, the trap depth is increased
45212

— (- 2¢75/2), (2.9)

IF =18 x

For the same average intensity, the fully-incoherent array has about 30% more trap depth than the

half-incoherent. The spring constants can also be derived just as with the half-incoherent case
~ 32|U4| 4 2

2 -5
Ko S (s* = 1)e™*,
K,y = K,:“ (210)
B 160N Ug| ¢ o
e

2.2.1.1 Implementation

To create the 6 site half-incoherent array, a single Gaussian beam is sent through a diffractive

element to create four parallel Gaussian beams separated by d’. The beams are sent through two
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Figure 2.6: Optical set-up used to create the 6 site, half-incoherent array

calcite beam displacers which spatially separate orthogonal polarizations by a fixed amount spec-
ified by the thickness of the calcite. The first thicker calcite gives a lateral displacement of d/+/2.
The second thinner calcite is rotated 45 degrees with respect to the first and gives a displacement
of d'/2. The result is an array of 16 Gaussian beams which can then be imaged onto the cesium
MOT with a multi-element high numerical aperture lens. The imaged array is made up of beams
with 1.8 pm waists and 3.8 um spacing. The source of the 780 nm light in this case comes from
a 1560 nm Distributed Feedback (DFB) laser’ which seeds a 20 W 1560 nm fiber amplifier®. This
light is sent through a 0.5 mm X 5 mm x 50 mm heated Periodically Poled Lithium Niobate
(PPLN) crystal set up in a double pass configuration. The process of second harmonic generation
(SHG)[50] produces light at 780 nm which is separated from the 1560 nm light via a dichroic. This
technique converts 20 W of 1560 nm light into about 6 W of 780 nm light.

7Optilab DFB-B-20-P-1560
8IPG EAR-20K-C-LP-SF
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Figure 2.7: full incoherent array optical layout

Using this SHG 780 nm laser described above along with a Ti:Sapphire Laser’ tuned to 780 nm,
pumped by a 18 W 532 nm laser'’, a configuration similar to the half-incoherent array just de-
scribed can be realized only every beam in a unit cell will either be from a different laser or have
an orthogonal polarization thus creating a “fully-incoherent array”. As illustrated in Fig. 2.7 two
different 780 nm sources are sent through two different diffractive elements each creating a 4 x 4
array of parallel Gaussian beams. These beams are combined on a polarizing beam splitter and
then sent through a calcite which halves the spacing of the beams. The result is 64 spots with the

same distance to beam waist ratios as the half-incoherent set-up. Table 2.1 summarizes the relevant

IM?2 SolsTiS-PSX-F
10Coherent Verdi V18
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Table 2.1: Parameters for half-incoherent and full-incoherent arrays

Wavelength, A 780 nm
Beam periodicity, d 3.8 um
Beam waist, wyg 1.81 um
Cs scalar polarizability at \, g’ -240 x 107 cm?
Total optical power,half-incoherent I.5W
Total optical power,full-incoherent 25W
Calculated trap depth, half incoherent 830 uK
Calculated radial trap frequency, half-incoherent 2mx39 kHz
Calculated axial trap frequency, half-incoherent 2mx6.4 kHz
Trap depth, full-incoherent 570 uK
Radial trap frequency, full-incoherent 2mx39 kHz
Axial trap frequency, full-incoherent 2mx9.6 kHz

parameters used in our experiments for each of the arrays. The low 50% transmission is mostly due

to the diffractive element which transmits about 70% of the light in the desired diffractive order.

2.3 Imaging System

After loading single atoms in the array of dipole traps we will need a way to image them. This
means both spatially resolving each site which is separated by 3.8 um and being able to distinguish
with good fidelity the difference between 0 and 1 atoms. We image the atoms by turning on the
MOT and repumper light with the gradient field off and collecting the resulting fluorescence. The
MOT light is further detuned to -8 I' and the power is decreased to about 100 W per beam.
These settings are similar to those used during polarization gradient cooling (PGC)[51] such that
the light cools the atoms and many photons can be scattered without losing the atoms from the

trap. The scattered photons are collected by a high numerical aperture lens and then imaged onto
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Figure 2.8: Imaging optics set up for imagining single atoms in the array. A series of dichroics
and filters are needed to isolate the fluorescence light. The lenses shown result in an imaging

magnification of 25.5 which gives an effective pixel size of 0.63 pm.

a EMCCD!!. The detection efficiency must be large enough and the background small enough to
distinguish the atom signal from the background.

The same lens used for focusing the trapping and excitation beams is used for collecting the
fluorescence for single atom imaging, as depicted in Fig. 2.1. The 5 element custom JenOptik
Objective lens is designed to be diffraction limited for 455, 685, 780, 852, 915 and 1038 nm and to
have greater than 94 % transmission for these wavelengths. It has a numerical aperture of 0.4 and
an effective focal length of 23.125 mm. An additional 5 lenses are used to image the fluorescence
onto the EMCCD, as seen in Fig. 2.8. We are imaging the back scatter so the first two lenses in
the imaging relay are shared by the 780 nm trap light. The 852 nm photons are separated from
the 780 nm trapping light using a dichroic and from the 1038 nm Rydberg excitation beam by yet
another dichroic. A series of 852 nm band pass filters and 780 nm notch filters are used to try
to reduce the background scattering the camera sees. The relay of lenses results in an imaging
magnification of 25.5 which gives an effective pixel size of about 0.63 ym. Given our 3.8 pm trap

spacing this imaging should allow us to spatially resolve single sites.

HHamamatsu C9100-13
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We can calculate what we would expect this single atom signal to be given our system param-
eters which include readout beam intensities and detunings, exposure time, collection efficiency
and measured background signals. A two-level atom interacting with a monochromatic field is

described by the optical Bloch equations[1]. The scattering rate is given by
r I/ sa

sc — & 5 2.11
21+I/Isat+(%)2 ( )
where we have introduced the saturation intensity and
I Q
=2(=)? 2.12
Isat ( I ) 7 ( )

where (2 is the coupling between the ground and excited state. We must average over all of the

couplings to the various sublevels, of which there are 27 for the f = 4 ground state. Then we have

1 2

LIy 27172

> 1 my—smytal (2.13)

mqu

where m, are the sublevels of the ground state, m. = my + ¢ represent the excited state and ¢
is equal to (—1,0,+1) for (o_, m, o) photon polarization. Values for these matrix elements are
found in Ref. [1]. In general, /,; depends on the polarization of the light which is seen in equation
(2.13). For atom imaging we use a three-dimensional o, — o_ configuration, just as with the MOT
as described in section 2.1 but with the gradient field turned off. In this case we have an isotropic
pump field where all three polarizations are equal and I,; = 2.7 mW/cm 2. For a readout detuning
of A = —8I" and total beam saturation parameter of I /[, = 2.26, this will give a scattering rate
R,. = 138000s~!. These scattered photons are collected by the custom 5 element lens and must
pass through multiple surfaces before reaching the EMCCD. The total fractional solid angle and
estimated transmission efficiency of our imaging system is therefore 0.042 and 0.8, respectively.
Finally, the quantum efficiency of our EMCCD at 852 nm is 0.7, resulting in a photon collection
efficiency of about 2.4 %. Therefore the detected scattering rate for a single atom is calculated to
be 3200 s!. In 50 ms we can expect to detect 162 photons. This number must be greater than our
background to be useful.

We can now predict how many counts to expect given the conversion factor for the EMCCD is
5.8 electrons/count. For single atom readout experiments, we have the analog gain set to 4 and the

EM gain set to 191. We can calculate the expected output signal minus dark signal(background):
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Expected Output Signal - Dark Signal=(detected photon number) x (analog gain) x (EM

gain) x (quantum efficiency)/(conversion factor)=162x4x191x0.7/5.8=14916 counts

Each trapped atom is confined to a 3 x 3 pixel region. The average background pixel value was

measured at 5457 counts. The signal we expect too see on the camera is then

Expected Output Signal=(Expected Output Signal - Dark Signal)+(average background pixel

value) x (ROI area)=6.4 x 10* counts.

In Chapter 3 we will see that these calculations agree with experiment when we include the Stark
shifts of the 780 nm trap light. When calculating the photon scattering rate, we used the free
space detuning. In the experiments described in Chapter 3, we learn that the 780 nm light in the
trap centers Stark shift the readout line by about 1 to 2 I', varying slightly from site to site. This
variation in trap center will effectively change the readout detuning from site to site. Including the

Stark shift variation, we can expect an output signal between 6.9 x 10? counts and 7.5 x 10* counts.

2.4 Optical Pumping set up

The second requirement needed for a quantum computer as stated by DiVincenzo [7] is the
ability to initialize the quantum state. This is done in cold neutral atom systems by well developed
optical pumping techniques [20]. We optically pump into the |1) = |f = 4, m = 0) clock state.
This is achieved by applying light linearly polarized in the direction of an applied 1.5 G bias field
which is parallel to the trap axis. The light is resonant to the f = 4 — f’ = 4 DI transition at
894 nm. Since the |m; = 0) states are not coupled by the light all of the population will accumulate
in |f = 4,m = 0) due to spontaneous emission from all of the other states. Repumper light at
the f = 3 — f’ = 4 transition is also needed to eliminate |f = 3) populations. The optical
pumping light and the repumping light are aligned to the same fiber which is aligned to the atoms
vertically, through the top window with a beam waist of 200 pm at the atoms. A polarizing beam
cube is placed just before the light enters the cell to clean up the polarization. The beam is carefully
aligned to the 750 pm pinhole in the lower cell to minimize light scattering which would result in

unwanted polarization and affect the pumping fidelity.



24

6p3/2 —t—=

6p1p 4[116?.7MH1 HEAEIE i il i i

i Hi] Hi i
[ R I il
894 nm i il i Pyl

-4 m=4
6s1/2

3 0 3

Figure 2.9: Level diagram showing the lasers needed for Optical pumping along with the optical

pumping procedure. Dashed lines show population loss from the excited states due to spontaneous

emission.

Shown in Fig. 2.3 with the cooling lasers, the optical pumping laser at a 894 nm'? is locked
to the 6s1/2f = 4 — 6pi/2f’ = 4 transition. The light is sent through an AOM set up in the
double pass configuration driven at 100 MHz then through another AOM set up in a single pass
configuration and driven at 200 MHz. The —1% order from this second AOM is combined on a
50/50 beam splitter with resonant repumper light and coupled into a fiber. The two AOMs are
meant to cancel each other out such that the light is resonant with the f=4 — f’=4 transition. We
need at least one AOM to act as a switch on the light as well as to shift the frequency by a small
amount to compensate for Stark shifts in the traps. We need the second AOM to cancel out most
of the shift from the first. Very little light is needed for optical pumping so the hits we take from
having two AOMs plus the 50/50 beam splitter are not a problem. The 894 nm power seen by the
atoms is around 500 nW.

Finally we use a state-dependent blow away beam for state detection. The blow away beam is

resonant with 6s; /o f = 4 — 6ps/»f’ = 5, same as the MOT light but with no detuning. This light

12Vescent Photonics D2-100-DBR laser with a D2-110 spectroscopy module
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will only blow away atoms in the | f = 4) state so after a 50 us pulse we know if our atoms were in
|0) or |1). As mentioned in section 2.1 and seen in Fig. 2.3 this light comes from the same laser as
the main 3D-MOT cooling light but is split off before the TA and sent through a single pass AOM
driven at 219 MHz. Then it is coupled through a fiber and sent to the experiment. Polarization and
position does not matter as long as the beam is overlapping with the atoms. The blow away light is
collimated to have a beam waist around 0.5 mm and sent into the chamber adjacent to one of the

MOT beams.

2.5 Beam scanners for Single Qubit Addressing

The ability to address specific sites in the array is essential in achieving high fidelity quantum
operations. Single site addressing of single neutral atom qubits can be achieved several ways.
Acousto-optical modulators can be used to spatially scan tightly focused beams [52, 53]. Mi-
croelectromechanical systems (MEMS) can also be used to steer beams across qubit sites[48] .
Magnetic field gradients can be used to introduce position dependent qubit frequencies which can
then be addressed with microwave pulses tuned to those frequencies [54].

Here an optical system is designed for single site addressing of single atoms trapped in a two
dimensional array using two acousto-optical modulators (AOMs) to scan over both dimensions. A
combination of telescopes and relay optics are used to convert the angular deflection created by
the AOM into a linear translation. Acousto-optic beam scanners are designed for both 459 nm and

1038 nm light and their performance is characterized.

2.5.1 Design

Acousto-optical modulators (AOMs) are tools commonly used in optical labs for a variety of
applications as they allow for fast electronic control of intensity, position, and frequency of laser
beams. This application uses two AOMs to control the two dimensional position of a tightly
focused beam on an array of single atoms separated by 3.8 um. A RF source drives a transducer
which creates an acoustic wave in an acousto-optical crystal. This acoustic wave forms a sinusoidal

grating which diffracts incoming optical beams. To the incoming beam, the crystal looks like a
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Figure 2.10: Basic picture of how an AOM works

Bragg cell with parallel planes from which it can reflect. Reflections of the plane will interfere
constructively when the Bragg condition, mA = 2dsin (), is met. In this case, the distance
between parallel planes, d, is the wavelength of the sound wave, or d = Vaf% with Vcoustic =
4200 km/s for a Tellurium Dioxide crystal used in this set up. fry is the RF frequency being applied
to the crystal, nominally 150 MHz here. When the incoming beam is at an angle 0 ~ ?—2 =
% with respect to the normal of the face of the AOM, reflections off of the Bragg planes
created by the acoustic wave will constructively interfere into the m'" order, and destructively
interfere into all other orders. The resulting m™® order will be deflected by an amount 203 which is
linear in RF frequency. This means by changing the RF frequency driving the AOM, the angular

position of the m'™ order is changed.

2.5.2 Optical Layout

The optics in this system need to achieve two things simultaneously. The first is to convert the
deflection angle introduced by the AOM into a linear translation. The second is to resize the beam
so it is appropriately sized at each AOM to optimize diffraction efficiency. The first requirement is

illustrated in Fig. 2.11. If the AOM sits at the focal plane of the lens, then the beam passes through
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Figure 2.11: Ilustration of how the angular deflection introduced by the AOM is transformed into

linear translation.

fy=50mm fx=125mm

Brimrose AOM

TED- 150-100-459 Thorlabs GLS
polarizer
\ \J

$e100mm fye125mm ,
Brimrose AOM
TED- 150-100-459 PM fiber f=6.24mm /
12 waveplate

Figure 2.12: Full layout of the beam scanning optics.

the focal plane at some angle set by the AOM RF frequency. A ray that passes through the focus
of an ideal lens, with focal length f;, is transformed by the lens into a ray that is parallel to the
optical axis, and thus angular deflection is transformed into linear translation. Adding another lens,
with focal length f5, which sits a distance f; + f from the first lens magnifies the rays input angle
by f2/f1 . A third lens, confocal to the second, transforms this magnified angle back into linear
translation. The result in the image plane is a linearly translating, focused beam.

Next, we need to consider the optimal beam waists at the AOMs. There is a trade-off between
having good diffraction efficiency over a wide range of RF frequencies and having fast switching
times. The more Bragg planes that the beam overlaps with, the more ways the reflections can add

constructively and thus the better the diffraction efficiency. This seems to imply we want a very
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large beam waist in the deflection direction, or at least we require this beam waist to be much larger
than the wavelength of the acoustic wave. However the switching time of the AOM is limited by
the time is takes the acoustic wave to propagate across the optical beam, or T ~ 2w /.2 /Viacoustic-
Since we wish to use the device to uniformly scan over a large array, we need good diffraction
efficiency throughout a large part of the operating bandwidth of the AOM. Since our crystal is
effectively 2.1 mm (active aperture) in the scanning dimension, we choose our beam waist in that
dimension to be 1 mm. In the orthogonal dimension, the active aperture is 0.5 mm, and we choose
a beam waist of 0.1 mm. This should give us the diffraction efficiency we desire with switch times
of about 500 ns.

Using cylindrical lenses, a 2% telescope in the saggital plane and a 1/5x telescope in the
tangential plane will give the beam waists needed in the plane of the first AOM. This is followed
by another pair of cylindrical telescopes that are 10x in the tangential plane and 1/10x in the
saggital plane. This inverts the dimensions of the beams at the first AOM to the second AOM
which will deflect in the tangential plane. The final pair of telescopes is the reverse of the first
pair. This results in a final output that is the same as the input with a waist of wq. From here, final
imaging optics are needed to image the beams onto the atomic array. The proposed layout with the
appropriate focal lengths is shown in Fig. 2.12. For a chosen input of wy = 0.5 mm, the waists in
the tangential and saggital plane are 0.1 mm and 1 mm, respectively, at the first AOM. Then at the

second they are 1 mm and 0.1 mm, respectively.

2.5.3 Performance

2.5.3.1 Switching Time measurement

Rise/fall times can be measured by placing a knife edge in an imaging plane. Another lens
placed a focal distance away will focus the beam onto a fast photodetector. This lens converts
linear translation into angular deflection so that the beam position is constant in the plane of the
detector. To measure a rise time, the AOM is switched from an off position, where the deflected
beam is blocked by the knife edge, to an on position. The photodetector will see an exponentially

—t/T

rising signal as seen in Fig. 2.13. This signal can be fit to an exponential of the form 1 — e~/ "and

the 90 % - 10 % time extracted. The time is takes to switch between sites is around 0.9 us.
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Figure 2.13: Measurement of scanner response time, data fitted to 1 — e /7 and 7 =426 ns. 90 % -

1

10 % time is 935 ns.

2.5.3.2 Diffraction Efficiency

To check the beam scanning performance, the transmission through the scanner is measured
at different RF settings which approximately corresponds to locations of different trap sites. The
efficiency is taken to be the power after the final cylindrical lens divided by the power out of the
fiber.

Fig. 2.14 shows the diffraction efficiency for the 1038 nm scanner as an example. The middle
column has the best efficiency which then falls off on the edges. Notice the fall off is more dra-
matic in the horizontal direction than in the vertical direction. One might naively expect that the
efficiency of the whole system might be calculated by simply multiplying the efficiencies of the
two AOMs, independent of each other. The fall off is much steeper in the horizontal direction than
in the vertical direction.

To better understand this consider what is happening between the two AOMs depicted in
Fig. 2.15. After the first AOM the beam is deflected by an angle that is magnified by a factor
determined by the lenses in between the AOMs. The first AOM is deflecting in the horizontal
direction. For the 1038 nm system, this factor is 10.4. We want to know how the incoming angle

at the second AOM, which is due to the deflection by first AOM, affects the diffraction efficiency
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Figure 2.14: measured diffraction efficiencies compared to naive calculated efficiency in parenthe-

ses estimated by multiplying together the diffraction efficiencies of the independent AOMs

of the second. The incoming angle is being deflected in the plane that is orthogonal to the deflec-
tion direction of that AOM. Recall that in this direction, the crystal is very small, 0.5 mm. The
effect is estimated by calculating the overlap between the acoustic mode of the second AOM and
the optical mode of the beam as a function of the incoming deflection angle. The acoustic wave
is approximated as a collimated Gaussian beam which propagates in the x-direction or the AOM
deflection direction

_y2 2

P
Eacoustic(xy Y, Z) =2y ————ew®? 6”2(1)2 (214)
Twy(x)w, (v

The size of this acoustic Gaussian beam is approximately the size of the transducer on the crystal
which is wy, = 4 mm in the direction in which the optical beam propagates and wg, = .25 mm
in the orthogonal direction. The optical beam is the usual diverging Gaussian beam. Assume the

waist of this beam forms at the center of the crystal where z = 0

P —12 _—y2
Eo ica IR =2 —— —ewa(»? wy(z)27 215
pt 1(37 Y Z) sz(z)wy(z)e € ( )
where
z
w(z) = woy /1 + (—)?, (2.16)
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Figure 2.15: The first AOM introduces a deflection angle which is magnified by the lenses between
AOMs. The angle will affect the diffraction efficiency of the second AOM which will limit the
scanning ability of the system.

and

= —2, (2.17)

Allowing the beam to rotate by a small amount, «, in the y-z plane the following coordinate

transformation can be made:

—— (2.18a)
Yy — ycosa — zsina (2.18b)
2 — zcosa — ysino (2.18c¢)

Choosing wg, = 0.1 mm and wy, = 1 mm and calculating the overlap between the acoustic wave

and the optical wave as a function of « gives

1
O :/§E0Ptical(x/>y/>Z/)EacoustiC(L%Z)dXdde~ (2.19)

For the 1038 nm scanner, « = +1.5 degrees for the outer most columns in Fig. 2.14, £.75 for the

2nd and fourth, etc. We assume the third and middle column are at & = 0. Numerically solving
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Figure 2.16: Complete system with relay optics used and predicted waists and magnifications at

atoms.

this integral for 1038 nm at small values for « results in an overlap factor for the different columns.
For the edges, the overlap factor is 0.755. For the second and fourth its 0.925. Adding this factor

to our naive expectations, the predictions are now much closer to the measured values.

2.6 Putting it all together

Now we have described all the component parts, let’s see how they fit together. All the relay
and imaging optics needed to create tightly focused beams at the atoms and needed to image the

array at single atom resolution are shown in Fig. 2.16 along with the beam waists at the atoms.
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Figure 2.17: Photograph of experimental set-up.

Everything is mounted on a 3 x 4 foot Invar breadboard. A grounded aluminum box is placed
around the breadboard to act as a partial Faraday cage, as well as a shield from light, wind cur-
rents and dust. The box uses a combination of fans, heating/cooling plates, and TEC temperature
controllers to stabilize the internal temperature to within 0.1° C independent of the outside lab
temperature. Fig. 2.17 is a photograph taken inside the experiment box. In addition to the main
experimental components identified above, seen here are cameras and beam pick offs used for

diagnostics as well as the temperature control equipment.
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Chapter 3

Qubit Preparation

The first step in preparing qubits for gate experiments is loading single atoms into the trap array.
After the 3D-MOT is loaded from the 2D-MOT for ~500 ms, a phase of polarization gradient
cooling (PGC) [51] is implemented. During PGC, the power in each MOT beam is decreased to
100 W while the detuning is increased to -7 I" and the magnetic field gradient is switched off. The
magnetic gradient is left off for the remainder of the experiment cycle. Shimming magnetic field
coils are used to cancel out any stray magnetic fields. 5 ms of PGC results in approximately 10-
20 pK atom temperature measured using time-of-flight techniques [55] looking at the fluorescence
from the MOT. To first order, the shim settings along with beam powers and detuning are set by
minimizing the MOT temperature after the PGC phase. The optical dipole traps which spatially
overlap the atomic cloud are switched on 4 ms into the PGC phase which continues for another
1 ms to ensure that the atomic cloud is cold but still dense for sufficient trap loading. After 5 ms of
PGC, the cooling light is extinguished while the traps remain on for 100 ms letting any untrapped
atoms fall away. If this time is not sufficiently long the background of the fluorescence image will
be too high due to leftover untrapped atoms. The cooling beams are then switched back on for the
first readout phase. The readout light is left on for an extra 100 ms before triggering the camera
for an exposure. The purpose of this is to ensure light assisted collisions [44] have eliminated the
chance that more than one atom has been loaded per trap. In this readout phase, each MOT beam
has about 100 W of power with -8 I" detuning, similar to the PGC phase to ensure the atoms are
not heated out of the trap during the readout. When loading is initially achieved, the PGC settings
along with the readout settings, including the shims, and various timings described above can be

optimized to give the best single atom signal, meaning the best discrimination between the zero and
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Figure 3.1: General timing sequence for single atom loading experiments.

one atom signal. After readout is optimized, the settings are rescanned to give optimal retention,
which is discussed in section 3.3. A generalized timing sequence is seen in Fig. 3.1. Each trap
site is imaged onto the EMCCD with an effective pixel size of 0.6 x 0.6 ym. The fluorescence
from a single site spreads over a 3 x 3 pixel area which defines the site’s region of interest (ROI).
During a fluorescence measurement, the pixel values in each ROI are summed and plotted on a
histogram. For each of the 6 (49) trap sites, a single atom peak is clearly resolved from the zero

atom background peak, examples of which are seen in Fig. 3.2 for the 6 site array.

3.1 6 Site Array Loading

The histograms in Fig. 3.2 show examples for all six sites with 5000 measurements. The
exposure time for this experiment is 50 ms. The loading rate of each site is noted beneath the
histogram. These histograms show a clear separation of the zero-atom background from the one-
atom peak. No events with two or more atoms in a single trap are observed here, although we
cannot exclude the possibility that we load two atoms and lose them rapidly during the pre-readout
or readout. On some of the sites, for example Region 3, there are some events that show up
in between the zero-atom and one-atom signal. We suspect these are atoms that are lost during

readout. In the previous chapter, section 2.3, an expected signal strength was predicted given our
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Figure 3.2: Loading histograms for 6 site array for 5000 shots, 50 ms exposure time. Data from
2012.11.02_17_44_17. On each histogram the number of 0 atom and 1 atom events is noted along
with the loading rate.

readout parameters, magnification, and background signal. If the trap centers induce a Stark shift
of 1T to 2 I the expected output signal is between 6.9 x10* and 7.5 x10* counts which agrees
with what is seen in Fig. 3.2. In section 3.4.2, we measure this Stark shift in the 49 site array using
a resonant beam and find an average shift of -8 MHz or 1.5 I'. The difference in the signal strength
from site to site seen in Fig. 3.2 is most likely due to this Stark shift varying from site to site due
to slight trap misalignments.

Fig. 3.3 shows a three dimensional image of the six site traps. The image is an average of 105
out of 5000 events where all six sites have loaded a single atom. This image shows how we resolve

each site well given our imaging apparatus.

3.2 49 Site Array Loading

Similar histograms are produced for the 49 site array. Fig. 3.4 (a) shows a histogram for the
number of atoms loaded in a single measurement for 1000 measurements. Here the average atoms
loaded per shot is close to 29. On average about 60 % of the sites are loaded in a single mea-

surement. Fig. 3.4(b) maps out the loading rate for each site in a 1000 measurement experiment.
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Figure 3.3: Average image for the 105 out of 5000 events where all six sites loaded single atoms

shows good single site resolution. Data from 2012_11_02_17_44_17.
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Figure 3.4: (a)Histogram showing the number of atoms loaded in a single shot for 1000 shots,
average of 29 atoms (b)average loading for individual sites averages over 1000 shots (c)average in

3D. Data from 2013_11_14_15_18_54.

One can use images like this to assess the uniformity of the array. Part (c) shows an accumulative
averaged over 1000 measurements plotted in three dimensions.

The average loading rates we see are sub-Poissonian and also above that expected from light-
assisted collisions or collisional blockade [44]. We believe this loading rate can be even further
improved by implementing repulsive light-assisted collisions [45, 56]. In these references, the
authors showed 82.7 % and later 91 % loading into a small dipole trap. Higher loading rates would
significantly improve our data rate and implementation of such techniques are currently being

explored.
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Figure 3.5: Lifetime measurement for each of the sites of the 6 site array. Data from

2013.01_17_10_04_54.

3.3 Trap Characterization
3.3.1 Retention and Lifetime

The retention rate of each trap is measured by taking two camera shots per measurement with
a gap time in between shots. The retention rate is defined as the percentage of measurements that
have an atom in the second shot, conditional on there being an atom in the first shot. Our traps
consistently have retention rates between 0.9 and 1 for a gap time of 35 ms, which is the minimum
time allowed between camera exposures. By varying the gap time, we can measure a lifetime for
each trap. The retention is measured for each gap time and the results are fit to a function Ae~*/7.
In the 6 site array, we measured a lifetime, 7, varying from 3.7 to 11 s for the different sites as seen
in Fig. 3.5. The lifetime due to background collisions with untrapped atoms is measured to be 24 s
using a milli-Kelvin deep red-detuned trap created using 1038 nm light focused down to 3 pm.

The shorter trap lifetimes are due to the lower trap depth. The variation is due to imperfections

in the array alignment which can lead to trap depth variations. The 49 site array shows a similar
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Figure 3.7: Histogram for the lifetimes measured in the 49 site array. The average is 7.2 s with a

standard deviation of 2.9 s. Data from 2014_03_17_10_23_42.

variation of lifetime for different sites. The average in the 49 site array is measured to be 7.2 s. A

histogram of the 49 fitted lifetimes is seen in Fig. 3.7.

3.3.2 Atom Temperature

We can measure the temperature of the atoms in the traps by doing a release and recapture

experiment [57]. After trapping an atom the trap light and MOT light are turned off for some time,
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Figure 3.8: An example of single atom temperate data compared to simulations for atom tempera-

tures 10, 20, 30, 40, 50 xK. Data from 2012_10_01_18_37_57.

tarop, and the atom is allowed to fall under the force of gravity. Recapture probability is measured
as tarop 1s varied and compared to Monte Carlo trajectory simulations of atoms in ideal trapping
potentials to estimate the temperature. An example of this is seen in the Fig. 3.8 where simulations
are done for atom temperatures of 10, 20, 30, 40 and 50 K. From data sets like these we estimate
a single atom temperature between 10 pK and 20 K.

There is some uncertainty in comparing the data to a simulation as the simulations depend on
trap depth and geometry which we only know approximately. We instead turn to 75 coherence

measurements to estimate the trapped atom temperature. This will be the subject of section 4.4.2.

3.3.3 Trap Frequency

The characteristic trap frequencies are measured by modulating the trap amplitude [58]. Mod-
ulation at twice the trap frequency will result in atom loss due to parametric heating. A spectrum of
one of the traps in the six site array is seen in Fig. 3.9. In this spectrum a resonance is seen around
18 kHz, corresponding to w, = 27 x 9 kHz and a broader resonance around 90 kHz corresponding
to the radial frequency, w, = 27 x 45 kHz. The radial frequency agrees with the calculated trap

frequency predicted in section 2.2.1 to about 10 %. The axial frequency is about 50% higher than
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Figure 3.9: Spectrum of trap frequencies for a single site in the 6 site array. Data combined from

2013.04_19.11-25_40 and 2013_04.19.16-19_33.

expected. This may be due to the fact that we have observed that the individual tightly focused

beams diverge more rapidly than that of normal Gaussian beams [2].

3.4 State Preparation and Detection
3.4.1 State Preparation via Optical Pumping

Using the optical pumping scheme described in Chapter 2 we can study the optical pumping
properties across the array. A common method for evaluating optical pumping fidelity is to measure
the pumping time and the depumping time. The pumping time is measured by applying a time
varying optical pumping pulse to prepare the atoms in |f = 4;m; = 0) followed by a microwave
m-pulse (discussed in Chapter 4) which should transfer the atoms into |f = 3;m; = 0) if the
pumping is working well. The percentage of atoms in |f = 3;m; = 0) as a function of time is
fit to the function, A — Be %/™ump_ The pumping time, Tpump, should be around 50-100 ps. We
choose a time about 10 X 7, to ensure that the pumping process has been completed. Typically
in experiments the optical pumping time is set to 2 ms. Measuring the depumping time amounts to
doing a 2 ms pumping phase followed by a phase with the repumper off but the 894 nm light on.

This will eventually depump the atoms back into the | f = 3) state but this should happen much
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Figure 3.10: Pump and depump data for the 49 site array. The average depumping time is measured
to be 7.1 ms with an average pumping time of 130 us. The ratio of depumping time to pumping
time is 62. The larger this ratio is the better the pumping fidelity should be. Data combined from
2014-07.03_07-41_33 and 2014_07_-03_07_31_07.

slower than the pumping time if things are set up properly. Using these times the optical pumping
settings are evaluated and optimized.

A bias magnetic field of 1.5 G is applied in the trap axis direction. To achieve good pumping
fidelity, the linear polarization direction of the optical pumping beam must be well aligned to this
bias field. As mentioned in section 2.4 , a polarizing beam cube is placed just before the light enters
the cell to clean up the polarization of the beam. With this polarization defining the quantization
axis, the remaining shims are scanned until the effective bias field matches this direction. The
easiest way to find the proper settings for the shims is by maximizing the depumping time. The
pumping time is minimized by scanning the laser frequency to compensate for Stark shifts from the
780 nm light at the trap centers-either finding an average across the array or focusing on a couple
sites. Results of the pumping and depumping time measurements are shown in the Fig. 3.10 for
the 49 sites in the array after the optimization procedure described above has been completed.
The ratio of depumping time to pumping time should be as high as possible for high ﬁdelity state
preparation. An average ratio of 62 should translate into a pumping fidelity of 1 — = = 0.984.
The varying Stark shifts for the different traps across the array tends to wash out the average. We
achieve higher fidelity if we focus just on the sites we care about. For example, region 4 in the
data presented below has a pumping time of 0.088 ms with a depumping of 25 ms giving a fidelity
of 99.6%. In Chapter 4 we will measure these fidelities by looking at microwave Rabi flopping

amplitudes.
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Figure 3.11: Stark Shift of D2 line in the 49 site array. The mean shift relative to an atom in free

space is found to be -8 MHz or 1.5 I'. Data from 2014_10_11_14_59_20.

3.4.2 State Detection

We use a single beam on resonance with f =4 — f’ = 5 to perform state detection measure-
ments described in section 2.4. The beam has a waist of 0.5 mm with 500 4W of power. This beam
blows away the atoms in | f = 4) but does not interact with the atoms in | f = 3). Spectroscopy of
this blow away beam is another test of the array uniformity. As mentioned throughout this chapter,
different amounts of 780 nm light at the trap centers will induce different Stark shifts of atomic
transitions used for state control, in this case the 6p3 /2 line. These varying shifts will cause site to
site differences in readout, cooling efficiency, and optical pumping efficiency, for example. This
will also cause a varying differential shift between the two hyperfine states which means different
qubit frequencies. For these reasons, it is important to quantify these shifts. Scanning the fre-
quency with a fixed blow away pulse time of 4 s we look for a minimum in atom retention where
the blow away is most efficient. Fig. 3.11 shows the mean transition shift relative to a free-space,
unshifted atom is equal to -8 MHz or 1.5 I' with a standard deviation of 0.65 MHz. This gives a
fractional deviation of 0.65/8=8 %. Given 2 W of total 780 nm power at the atoms we expect a

shift at the trap center of about -2 MHz increasing to about -60 MHz at a trap corner.
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From section 2.2.1, the trap center intensity is related to the effective trapping intensity by
IJI; = 2e~%°/2(1 — 2¢7%°/2) = 0.17 at s = 2.1. The average light shift at the trap center is
0.17 x 570 uK =97 pK with a standard deviation of about 10 uK [2].

This variation across the array may come into play when considering the dephasing of the qubit
states. For our hyperfine qubit with a transition frequency of 9.2 GHz, the 72 nm (32.5 THz) trap
detuning from the Cs D2 transition gives a standard deviation of the qubit frequency across the
array due to the trap-induced Stark shifts of 10 uK x 5552%%— = 0.0028 1K or 60 Hz. This will

cause dephasing of the qubits on time scales of a few milliseconds if left uncompensated [59, 60].

Dephasing and coherence will be discussed more in Chapter 4.
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Chapter 4
Single Qubit Operations

Single qubit operations involve driving the transition between |0) and |1) or in our case the
|f = 3;my = 0) and |f = 4;my = 0) hyperfine levels of the 6s;/, ground state of cesium. A
1.5 G bias field is applied along the trap axis in order to isolate the transition by Zeeman shifting
other m transitions out of resonance. This ensures a simple two level system. The qubit state is
described by a complex unit vector in a 2-dimensional Hilbert space. Such a vector can be written

as
) = cosg|0> +ei¢sing|1>. 4.1)

A useful geometrical interpretation arises when this vector is depicted as a point on the surface
of a unit sphere known as the Bloch sphere. ¢ and ¢ fully describe this vector since it is constrained

to have norm 1. The state vector can also be expressed in Cartesian coordinates as
(x,y,2) = (sinf cos ¢, sin O sin ¢, cos ). (4.2)

In this representation it is easy to show that |0) = (0,0, 1) and |1) = (0,0, —1). Single qubit
operations are unitary transformations acting on a qubit. This can be thought of as a rotation on
the Bloch sphere which transforms |¢)) to U|v). The rotations about the z—, y— and z— axes of

the Bloch sphere are represented as

R, = 6—@'9@/2’ 4.3)
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Figure 4.1: The Bloch sphere is a useful geometric interpretation of a qubit. A qubit can be
represented by a complex unit vector in a 2-dimensional Hilbert space which points to a place on
the surface of the Bloch sphere. Single qubit operations are then just rotations to different locations

on the surface of this sphere.

for i« = z,y, 2 and the o;’s are the respective Pauli operators. In the computational basis this

becomes

R.(9) cosf/2  —isinf/2 (44a)
T - s 4aa
—isinf/2  cosf/2

cosf/2 —sinf/2
R,0) = , (4.4b)
sinf/2  cosf/2

roy—(©° 44
2(0) = o ) (4.4¢)

These rotations can be driven in a few different ways. The magnetic dipole transition can be
directly driven using microwaves tuned to the 9.2 GHz hyperfine splitting but because microwaves
cannot be focused down to the 1 pum level needed for single site addressing, this method is used
only to do global operations on all array sites. For rotations on a single site additional gradients
can be introduced either by adding a tightly focused laser beam to induce a position dependent
Stark shift or by adding a magnetic field to induce a position dependent Zeeman shift. Here we use

an additional Stark shifting beam [61]. Another strategy is to drive a two-photon Raman process.
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4.1 Semi-Classical Derivation

Single qubit operations can be understood using the semi-classical picture of a two-level quan-
tum mechanical atom interacting with a classical, monochromatic field [34]. The Hamiltonian of

this system has two parts,
H = Hy+ H;(t). 4.5)

Hy is the unperturbed atomic Hamiltonian whose eigenvalues and eigenfunctions are the unper-

turbed atomic energy levels and wavefunctions. For a two level system the wavefunctions satisfy

Ho1(r) = E1y(r), (4.6)
Hotpa(r) = Ex)s(r), 4.7)

for
W, (r,t) = by (r)e Ent/h (4.8)

Hj(t) is the interaction term which acts to perturb these eigenfunctions. For a monochromatic

oscillating electric field, E, this interaction is equal to

H[(t) = er - E, (49)
where
Eq .
E= 706“” + c.c.. (4.10)

Here w is the frequency of the field. The electric field interacts with an atomic dipole given by an
atom dipole operator d = —er where —e is the electron charge and r is the position of the electron
with respect to the center of mass of the atom. The interaction mixes the two unperturbed states

and at any instance in time the wavefunction is equal to
[9) = cre 1) + coe”2!|2), (4.11)
which must obey the normalization condition

ler |2 4 |eo)* = 1. (4.12)
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Plugging in equations (4.5) and (4.11) into the time dependent Schroedinger equation yields a

set of linear, coupled differential equations for the probability amplitudes

(1ler - E|2)
h
(2ler - E|1)

iCy = quiwot, (4.13b)

ic, = coe 0t (4.13a)

where we have taken wy = wo — w;. Here the Rabi frequency is introduced and defined as

q = {dler- Eol2) (4.14)
h
such that (4.13) becomes
ic; = Qcos(wt)cpe ™0t (4.15a)
icy = QO cos(wt)e et (4.15b)

In most cases we are interested in, the detuning is small such that |w — wy| << w,wp. The terms
oscillating at wg + w ~ 2w are very fast and average to zero over any reasonable time scale and
therefore are ignored. This is known as the rotating wave approximation (RWA). Denoting the
detuning A = w — wy, we can then transform into an appropriate rotating frame to eliminate the
time dependence. Making the transformation cy(t) = &(t)e A" and applying RWA equations
(4.15) reduce to

Q
'iél = 562, (4163)
A .
1C2 = 761 — ACQ. (416b)

These equations can be solved exactly by starting with the trial solution ¢; () = e, Plugging this

into equation (4.16) results in an expression for ¢,

2 .
&o(t) = —ﬁ“emt. 4.17)

Using this expression for ¢s in equation (4.15), we get the characteristic equation quadratic in ~,

Q
/12—A/<J—|§|2:0 (4.18)
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which can be solved to give solutions

2 2
we= S YRR (4.19)

The general solutions for ¢; and ¢, can be written as

c1(t) = Ae"™+' + Be' (4.20a)
2 . .
Go(t) = —ﬁ(Amew + Br_e" ). (4.20Db)

If we assume our initial conditions are ¢;(0) = 1 and ¢3(0) = 0 the coefficients A and B can be

solved for then plugged back into equation (4.20) to get expressions for ¢ (t) and co(t) equal to

iA
e (t) = 2 (cos(VA2 + Q2t/2) — \/ﬁsm(\mz +Q2t/2)), (4.21a)
co(t) = SULEEVER n(—m—m———— A +Q21t) (4.21b)

v/ A2 + 02
The quantity measured in our experiments is the probability of finding the atom in the second state,

|c2|?, which is equal to

ot) = st VE AT
2 02 + A2 2

). (4.22)

When the field is on resonance w = wy and A = 0 this simplifies to the familiar

Qt

o (t)|* = sin®(— 5

). (4.23)

This is the condition needed for full population transfer. More generally, we can write the evolution

c
matrix that transforms ¢(t) = U(t — to)c(to) for the vector ¢(t) = . Setting to = 0

Co
Uiy = [ € e (5 — i sin(5) it/ sin () (4.24)
_zAt/sz; Sln(Qt) 6_iAt/2(COS(QT) + ZQA/ Sln(%t)) >

where Q' = /|Q2|2 + A2. For the important case when A = 0 this reduces to

(SR —e ]!
U(t) = cos (55-) isin(55) 4.25)
oo (18l €t ' '
isin (%) cos(55-)
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Figure 4.2: Rabi flopping at different for different field detunings. Note for full population transfer,

usually needed for quantum gate operations, the detuning must be equal to O.

Relating this to equation (4.4a) for single qubit gates, note that 6 = |Q|¢. If we apply the field,

L

), foratimet = il

we recover, up to an overall phase, an X-gate also known as a Not-gate also

known as a 7 -pulse

Ur = . . (4.26)

T

Applying the field for a time ¢ = 57

will result in a 7 /2-pulse which puts the state vector on the

equator of the Bloch sphere if it started at the poles,

U. Lt (4.27)
/2 — T = . .
SRV P

Finally for a time t = %r' the result is a 2-pulse which rotates the vector around the Bloch sphere

back to where it started but with an overall phase shift,

10
Usw = — . (4.28)

01
Y-gates or any gate that is a rotation about some axes in the x-y plane of the Bloch sphere are
executed in similar ways but with a phase shift added to the driving field, eg a phase shift of 7 /2

for the Y-gate.
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Rotations about the z-axis are implemented in two distinct ways. From reference [62] we know
that any single qubit gate can be decomposed into three rotations about two non-parallel axes plus

some overall phase
U = e Ra(B) Rin(7) Ra(0) (4.29)

where the most general rotation about an axis i = (ng, ny, n.)is Ry () = cos (£)I—isin (£)(n,o.+
nyo, + n.0.). As mentioned above it is straight-forward to change the phase of the driving field
and thus the rotation axis in the x-y plane. It will be most convenient for us to therefore decompose

rotations about the z-axis into three rotations about the X = R;—o(0) and Y = Ry_,/»(0) axes
R.(0) = € Ry (B) Ry (7) R (0). (4.30)
For example, if we wanted to perform a 7 rotation about the z-axis we can decompose this as
R.(m) = R,(37/2)R, (1) Ry (7 /2). (4.31)
A /2 rotation about the z-axis would be decomposed as
R.(m) = Ry(7m/2)R,(37/2) R, (37/2). (4.32)

Alternatively, rotating the qubit about the z-axis amounts to controlling the phase between the qubit

basis states. In other words a z-gate can be implemented by applying the unitary

1 0
0 e

(4.33)

¢ is controlled by introducing a known differential Stark shift, , between the two states, resulting
in a phase shift ¢ = §¢. This shift is found experimentally using Ramsey oscillations and will be

discussed in detail later in this thesis.

4.2 Global Rotations Using Microwaves

Microwaves are used to directly drive the hyperfine transition. This transition is an M1 mag-

netic dipole transition. The derivation in section 4.1 is still valid but the interaction Hamiltonian
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needs to be replaced with /; = —p - B. Instead of an electric dipole coupling to the oscillat-
ing electric field, the magnetic dipole, u, is coupled to the oscillating magnetic field, B, in the

1|lpuB|2 .
%. We use microwaves tuned to the

microwave field and the Rabi frequency becomes ) = <
9.2 GHz hyperfine splitting to perform single qubit operations on all qubits simultaneously.

A 9 GHz RF signal from an synthesized sweeper! is mixed with a 200 MHz signal from a DDS
board. The synthesized sweeper is referenced to a stable 10 MHz GPS signal. This signal also
is used as a reference for another synthesized sweeper tuned to 1 GHz used as a stable reference
for the DDS. Two DDS channels are used which allows storage of up to 16 profiles which store
the frequency, phase and amplitude information. An RF switch is used to switch between the two
DDS channels. This signal is then sent to a voltage controlled attenuator (VCA) controlled by an
analog noise eater device which outputs a voltage dependent on a power level reading picked off
by a detector down stream in the electronics path. This feedback loop is used to stabilize the RF
intensity. A mixer’ mixes the voltage controlled 200 MHz signal with the 9 GHz signal. This
mixing will allow us to control the phase of the RF field by trivially changing the phase output of
the DDS. Phase control allows for rotations around arbitrary axes as mentioned in section 4.1. After
the mixer the RF signal consists of the 9 GHz carrier frequency along with the 9 GHz+200 MHz
side band frequencies. This signal is pre-amplified by a 24 dB mini-circuits amplifier and then
is sent through an isolator before being sent through a high power filter which only passes the
9.2 GHz side band. This signal is finally amplified by a 35 dB, 3 W amplifier before being sent to

a microwave horn which is directed onto the atoms. This set-up is shown schematically in Fig. 4.3

Fig. 4.4 shows an example of a microwave spectroscopy experiment where the pulse area is
fixed and the detuning from unperturbed clock frequency is scanned. We expect a differential shift
of about -630 Hz from the 780 nm trapping light. Measuring this differential shift across the array
we see an average shift of -260 Hz with a standard deviation of 400 Hz. If we tuned our microwave

frequency to this average some sites can be 400 Hz detuned. At ~10 kHz Rabi frequency that

THP 83623A
2mini-circuits ZMX-10G+



53

Frequency
Check Point

Mixer

A ZMX-10G+

HP83623A

Synthesized 10dB Coupler

10 MHz GPS Sweeper ARRA AR4176-2
frequency 200 MHz DDS

standard 1 GHz Channel 1
- Voltage
HP83623A b Switch q

Y Controlled
Synthesized ZY:‘SI/QZ Attenuator
Sweeper 200 MHz DDS ZFAS-2000+

Channel 2

Isolator
Narda 4946

Low pass

Gl filter

Noise Eater

RF detector
HP 3330B

High power
Fast, high power band pass
RF switch filter K&L

Hittite HMC- Mi;rcoev(v)ave
€058 =
20dB Coupler |pT30)a10 ) )
Sage C756E-20

TTL

Figure 4.3: Schematic for microwave control electronics. A 9 GHz Synthesize Sweeper is com-
bined with a 200 MHz signal created by a DDS on a mixer before eventually being amplified and
sent to the atoms via a microwave horn. This set-up allows for full frequency, amplitude and phase
control of the microwave field driving single qubit rotations.

102

would translate into a rotation error of 1 — I

= 0.0016 It is possible to compensate for this
using composite pulse techniques discussed in section 4.6.

Also seen in the figure is an example of Rabi flopping experiments. The spread of Rabi fre-
quencies across the array is due to both inhomogeneities in the driving fields and difference in
the qubit frequencies discussed above. Its also possible to compensate for these using composite

pulse techniques. The average amplitude is consistent with the pumping fidelity measurement of

the previous chapter given the average depumping and pumping times.
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Figure 4.4: (a) Representative data of a microwave Rabi flopping experiment on a single site.
Experiments as seen in (a) are done on all sites simultaneously. From the fits, array statistics are
extracted. (b) Array statistics for the microwave Rabi flopping amplitude. The average amplitude
across the array is 0.94 with a stand deviation of 0.063. RFE data from 2014_07_28_07_18_21. (c)
Array statistics for the microwave Rabi frequency shows an average of 8.6 kHz with a standard
deviation of 0.18 kHz. (d) Representative data of a microwave Rabi spectroscopy experiment on
a single site. The microwave frequency is scanned from the unperturbed Clock frequency using a
microwave pulse with fixed area. (e) The average frequency shift across the array is measured to

be 0.26 kHz with a stand deviation of 0.44 kHz. Spectroscopy data from 2014_09_11_17_49_58.

4.3 Single Site Rotations Using Microwaves

Our microwave source is extremely robust and does not require precise alignments, locks or any
sort of day to day maintenance unlike our complicated laser systems. We would prefer to use the
microwaves for all single qubit rotations however the microwave field cannot be focused down to
the micron level needed for single qubit manipulation. Here we add a tightly focused Stark shifting
beam to achieve this. This beam adds a differential shift to the ground state of a single site. If the
microwaves are tuned to be resonant with the remaining un-shifted sites the microwave pulses can
be used to rotate all but the single differentially shifted site. Alternatively, the microwaves can be

tuned to the differentially shifted frequency and then rotations are performed on just the single site.
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Figure 4.5: Atomic structure of the Cs 7p;/, resonance. We use this transition throughout this
thesis for implementing both single site Stark shifting as explained here and for Rydberg excitation,

explained in Chapter 5.

The latter will require the laser to be more stable than the former as any drift in the intensity will
change the effective qubit frequency.
We implement the single site Stark shifting using the Rydberg A laser. This laser will be

fully discussed in the next chapter in the context of Rydberg excitations needed for two qubit
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operations. The laser operates at 459 nm with a typical detuning, A; ~ —27 x 2 GHz, detuned
from the center of mass of the 7p;/, level. The structure of the 7p;/, level can be seen in Fig.

4.5. The differential shift is calculated by considering the resonant Stark shift on each of the
hyperfine ground states. For |f = 4) this shift is equal to ii—%l where (2, is the single photon Rabi
frequency and A, is the detuning from the 7p;/; level. The shift on |f = 3) is then 1 Li

4 Ay —wpr

where wyr = 9.2 GHz is the hyperfine splitting. These equations are only valid when A is large
compared to the hyperfine splitting on the 7p; /> level. Within this hyperfine manifold the relative

detunings of the two hyperfine states from the center of mass is equal to
A .
Ayf, = g[fp(fp +1) = I(I +1) = jp(Jp + 1)], (4.34)

where A is the magnetic dipole hyperfine constant equal to 94.35 MHz. For the relevant quantum
numbers f, = 3,4,/ = 7/2and j, = 1/2, Ay, = —2rx—212.3 MHz and A;, = 27 x165.1 MHz.

The Rabi frequency is equal to

Q' = QOF (4.35)

fgvmfg7q1 1 fg7mfg7q1’

after the matrix element has been reduced via the Wigner-Eckart theorem to an angular factor times

a radial matrix element such that

o — eE1<anpSJpF|L|rllngL95Jg>‘ (4.36)

For the transition from the ground state to the 7p; /o level in cesium the reduced matrix element

18[63]
(Tp1/2]|r]|651/2) = 0.276a0, (4.37)

where a is the Bohr radius. The angular factors are computed as

o _ Jndo pemigta
fg7mfg »q1 Ingfg fg7mg717q1 ’

where C" is a Clebsch-Gordon coefficient and

Al = ()RR o 1S, (4.38)



57

where " is the 6] symbol. We take hyperfine clock states, my, = 0, and ¢; = 1 is the angular

momentum quantum number for the photon. The relevant factors can be computed

Qio,l =V 5/4&
1 =1/5/48,

ngl,o,l = 1/4>

(4.39)

035, =1/4.
The Stark shifts on each of the ground states are computed by summing over the hyperfine states

of the 7p; /o including the relative detunings

A :(Qg,O,l)g 1 _|_ (Qé,o,l)Q 1
TV AL — Ay — w, 2 A=A —w, (4.40)

Ao =(hoae 1, Qa1 |
ae 2 Al — Af:s 2 Al — Af4 '

Using the angular factors from above, the differential shift can be written as
AR 5/3 1 5/3 1
Ao 1% - - . 4.41
a 64 [Al - Af4 " Ay — Af:s Ay — Af4 — Wy Ay — Af:s - wq} ( :

To write €2} in convenient units express the field, F4, in terms of the beam power, Pj59, and beam

[4 P
B = ——22 (4.42)

For w59 = 3 pm and P59 = 66 W, which are typical parameters used in the Rydberg experiments

waist, W4y59,

described in the next chapter, the single site differential shift, AY,;, would be around 680 kHz. If
we used this beam to shift one site off of resonance and then rotate all other sites with a microwave
m-pulse we would expect a rotation error on this site, given a 10 kHz microwave Rabi frequency, to
be 1021% = 2x107*. At this point, however spontaneous emission from the 7p;  level becomes

important. The scattering rate is equal to

WP, 1 5/3
Prpye = 755 ((A1 “AL? (A Af4)2)’

(4.43)

where 7, = 27 x 0.94 MHz is the radiative decay rate of the 7p,/, state. In the time it takes to

complete a microwave 7w-pulse the probability of scattering a photon is 22% for the parameters
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Figure 4.6: (a)Rotation on a neighboring, non-addressed site as a function of beam waist for fixed
distances. (b)Rotation on a neighboring, non-addressed site as a function of distance from the

intended site for fixed beam waists.

defined above. This will obviously be a problem as it will cause decoherence of our qubit state so
we need to decrease {2, by decreasing Pj59. We can also increase A; for the same effect but as
stated earlier, this is fixed for Rydberg experiments. The goal is to minimize spontaneous emission
and the off-resonant rotation errors simultaneously. One strategy is to find a detuning which gives
a 27 off-resonant rotation on the Stark shifted site when a 7/2 resonant rotation is applied to the

other sites. From equation (4.22) we set up the condition to satisfy

T
D + (A )2 —r = 277, 4.44)
\/ uW ( dlff) QQHW (

Here 2, is fixed by the microwave power and is ~10 kHz. We solve this equation and find a so-
lution (Afig)? = 15Q7,. This means if we set our differential Stark shift, Aj;s, to be v/15Q,w ~

39 kHz, 7 /2-pulses on the non-Stark shifted sites will lead to 27 rotations on the shifted site. Sim-

ilarly at this detuning 7-pulses on non-shifted sites will give \/ Q2 + 152y Gy — 4 rotations
on the Stark shifted site. More analysis of this can be found in the reference [53].

This 39 kHz shift is 17 times smaller than the shift estimated for the full power case which
means the spontaneous emission probability drops to ~ 1%. Consider what happens on a neighbor-
ing site. We know that the differential shift scales with the single photon Rabi frequency squared
or ASy ~ QF. Until now we have assumed a constant shift at peak intensity, /o = 25, but in
reality the shift has some position dependence. For a Gaussian beam this is [ = Toe 2*/v* where

r is some radial position from the beam center and w is the beam waist. Then 2, () can be written
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Figure 4.7: Using parameters chosen to be approximately equal to experimental parameters
(Pys9 = 45uW, wys9 = 3pum, and ¢ = +1), the differential Stark shift and photon scattering
rate from the intermediate level are calculated using both the full hyperfine structure of the 7p;
level (red) and the fine structure approximation (blue). (a) The differential shift on the ground state
is calculated as a function of the detuning using both methods. (b) Zooming in on the region where
the two curves converge. After % ~ 1 GHz the fine structure approximation becomes valid. (c)

Calculation of the photon scattering rate using both methods.

as
O (r) = Qe /w7 (4.45)
where QY is the Rabi frequency at r = 0. The differential shift as a function of r is then
Aai(r) == Adyge /", (4.46)

If we choose A%y = /150,w then we can calculate what off-resonant rotation we would

expect on the neighboring sites. For a resonant 7-rotation this is equal to

Ox—talk = \/in + 15ine‘272/w2mlw. (4.47)

Plotted in Fig. 4.6 (b) is the off-resonant rotation in units of 7 for fixed beam waists as a

function of distance from the beam center for a m-pulse. Fig. 4.6 (a) shows the off-resonant
rotation as a function of beam waist for a fixed distances.

To demonstrate the importance of using the full hyperfine calculations found in equations (4.41)

and (4.43), Fig. 4.7 shows calculations of A,z and of the photon scattering rate, I'7,, /o> USING

the full hyperfine equations(red curves) and the fine structure approximation (blue). Note the

convergence of the two around % = 1 GHz.
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4.3.1 State Preparation

Using the techniques described above we can measure how well we prepare the two qubit
computational basis states. |11) is prepared by optically pumping into |f = 4;m; = 0). |00) is
prepared by pumping into | f = 4; m; = 0) and applying a global microwave 7-pulse such that all
sites are rotated to | f = 3;my = 0). |10) is prepared by applying the Stark shifting beam to the
first site while applying a 7-pulse following the optical pumping phase. This will put all sites not
interacting with the Stark shifting beam into |f = 3;m; = 0). The intensity of the Stark shifting
beam will differentially shift the first site in such a way that in the time it takes all other sites to
complete a 7 rotation, site one will finish a 27 rotation returning it to | f = 4; m; = 0) resulting in
the two qubit state [10). |01) is prepared in a similar way this time Stark shifting the second site.
These are the states needed for implementation of the gate so evaluation of this state preparation is

an important diagnostic. An example of this is seen is Fig. 4.8.

4.4 Measurement of Decoherence and Dephasing

The microwaves are used for single qubit rotations but they are useful for studying the coher-
ence properties of our qubits. Typically, two characteristic times, 73 and 77, are used to for this
characterization. The 7} time is called the longitudinal relaxation time and describes the popula-
tion decay of the either qubit states. 7% is the decay of the phase coherence between the two qubit

states.

44.1 T

To measure 7} the atom is pumped into either qubit state. The time it takes to decay out of that
state is measured by varying the time between state preparation and measurement. Specifically, 73
is measured after pumping all of the sites into |f = 4;m; = 0). After waiting for some variable
time, a microwave 7-pulse is applied followed by the blow away of |f = 4) for state detection.
The atoms that have been depumped due to the finite 7} will be ejected from the traps resulting
in a decay of the signal as a function of time. Alternatively, 77 of the |f = 3;m; = 0) state is

measured by applying the microwave mw-pulse right after the optical pumping phase and before the
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State Prep 2014.0ct.30

Figure 4.8: State preparation demonstration of the four 2 qubit computational basis states.
Data combined from 2014_10_30_08_25_49, 2014_-10-30-08_50_14, 2014_10_-30_09-14_01, and
2014-10_30-09-39_25.

variable delay time. This will also show a decay as a function of time of the | f = 3;m; = 0) state
due to the finite 7;. The signals are fitted to a, e~t/T1 and Ty’s are extracted.

Ideally, 77 should be sufficiently long such that only trap loss is seen, on times scales on the
order of a few seconds, due to collisions with hot background atoms. In reality, we measure about
0.5 s which is about a factor of 10 lower than the measured trap lifetime. We think this is due to
Raman scattering from the trap light or leakage from the cooling and repumper light. While this is
clearly less than ideal, it is still much longer than the time needed to run the gate and the coherence

time, as will be demonstrated in the section that follows.
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Figure 4.9: Measured T; times in 49 site array for each basis state.  Data from

2013.04_26_17_16_24 and 2013_04_.29_17_35_06.

T3 is a useful diagnostic for measuring beam leakage onto the atoms. The cooling light is
switched off using AOMs by switching off the RF power. This puts all of the power into the 0!
diffraction order of the AOM. It’s possible that the 0*" order can still be coupled to the fiber so in
addition to switching the AOMs, piezo shutters are added to physically block the light. If 77 for
|f = 4) is very short this is a sign that there is light leaking through that is depumping the atom
to |f = 3) which can be traced back to either 852 nm cooling light or 894 nm pumping light. If
the |f = 3) T} time is very short this is a sign of repumper light leaking. If this is the case the

alignment or timing of the shutters should be checked.

442 T

To measure 73, we use the microwaves to do a Ramsey type sequence. In the language of the
Bloch vector, the initial state of a single atom is (0,0,-1) after optical pumping. A 7/2-pulse is
applied which rotates the Bloch vector to the (0,1,0) equator state. Here the Bloch vector freely
precesses around the equator at an angular frequency equal to the detuning, ¢, and then another
7 /2-pulse is applied after some time, ¢. After this pulse sequence we expect the probability ampli-

tude to evolve as
c2(t) = cos(0t), (4.48)

where 6 = w — wy is the detuning of the microwave radiation, w, from the atomic resonance, wy.

The microwaves induce no Stark shift on the atoms so to ensure a measurable precession they must
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be detuned by a small amount so that w = wnr + dsynth. Alternatively, the phase of the second
pulse can be varied at a fixed delay time. In this situation, we tune the microwaves to be resonant
with the atoms but there is still a small calibration error from the synthesizer, dgyntn.

External perturbations will modify the atomic resonance wy so that
wo = wyF + Ojs + 0B, (4.49)

where 05 is the energy dependent differential light shift from the trap light and 0y is the quadratic
Zeeman shift.

The 780 nm light used for trapping is blue-detuned from the D-line of Cesium. This will cause
the ground state to shift to higher energy which is why higher intensity repels the atom. Because
of the 9.2 GHz hyperfine ground state splitting, the | f = 3) level is shifted up by a larger amount
than the |f = 4). This will result in a qubit frequency smaller than the free space frequency,
whr. The difference in these two frequencies is the differential light shift which has position
dependence due to the spatial structure of the traps. An atom at the exact center of the trap should
have a minimal shift but since the atom has a finite temperature is moves around the trap sampling
different amounts of trap light which therefore causes fluctuations in the qubit frequency. The
average shift is related to the atoms average energy which can be related to atom temperature. The

reversible dephasing time, 75, is inversely proportional to the atom temperature[64]

2h
/r/k;BTCL7

Ty = 0.97 (4.50)

for T, the atom temperature and ) = = where Ag is the effective detuning of the trapping light
taking into account the weighted contributions of the D; and D5 lines.

To measure this time, the sequence of 7/2-pulses is applied at several delay times. Fig. 4.10
shows an example of the Ramsey experiments on a single site with varying delay times. Note
the amplitudes decreasing with increasing delay time. The amplitudes are extracted at each delay
time, as seen in Fig. 4.11 (a) for a single site, and are fitted with a decaying exponential. Fig. 4.11
(b) shows the results of the extracted decay times for the sites in the array. For this data set the
average time is 5.9 ms. Site to site differences in trap structure caused by slight misalignments will

cause site to site variations in the light shift experienced by the atoms. Furthermore, interference
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Figure 4.10: Ground state Ramsey experiments at different delay times. Data from

2014.10.02_12_52_42, 2014_.10_.02_13_11_11, 2014_10-02_13_28_29, and 2014_10_02_13_40_48.

patterns formed by the MOT beams can cause site to site variations in the cooling efficiency. These
effects can explain the spread of 7% seen in Fig. 4.11 (b). Trap compensation techniques will be
implemented in the future and should allow for substantial improvements in the 7% times [59, 60].
These times can be converted into temperatures via equation (4.50). For this data set the average
temperature is 15K with a standard deviation of 8uK. This closely agrees with the drop and

recapture measurements of Chapter 3 which predicted an atom temperature between 10 — 20uk.

4.5 Randomized benchmarking of single qubit gates

The characterization of single qubit gate errors is an important step on the road towards fault
tolerant quantum computing. The error threshold theorem says that if the errors per gate are small
enough then arbitrarily accurate computations are possible using quantum error correction [65].

We characterize the errors of our single qubit gates using randomized benchmarking (RB). RB was
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Figure 4.11: (a) Representative single site data which shows the fitted Ramsey amplitudes as a
function of delay time with a fit which gives a decay time of 8.7 ms. (b) Results of these fitted
decay times across the array, gives an average time of 5.9 ms with a standard deviation of 3.4 ms.
(c)Converting the 75 times in (b) into atom temperatures using equation (4.50). The average tem-

perature is 15K with a standard deviation of 8uK.

first developed and implemented in ion systems [66] and it is an efficient way of the evaluating the
errors of gate operations. Random Clifford gate sequences of varying lengths, [, are applied to a
fixed input state, |1). Single qubit Clifford gates are generated by the set {I, R;(£7/2), R;(7))}
of which there are 24 in total. The 24 gates are specified in Table 4.1 along with the microwave
rotations needed to implement each gate. The average pulse area per gate is 77 /4.

At the end of each sequence a final gate is added which puts the qubit into |0) in the absence

of errors. In the presence of de-polarization errors® the probability of measuring |0) is

1 1
Py = 3 + = (1 —di)(1 — )", (4.51)

\)

where dj is the de-polarization probability associated with state preparation and measurement and
d is the average de-polarization of a Clifford gate. Applying several of these randomized gate
sequences while varying [ one can extract a value for d. This is done simultaneously on all sites
using the microwaves pulses. Defining the fidelity in the usual way, F'(p, p') = T'r[\/\/pp'\/P]:
one can show that the square of the average gate fidelity is related to d by F? = 1 — d/2. We
measure the average F'? across the array to be 0.9983(14) [53]. Based on estimated values of
detuning errors (100 Hz) and pulse length errors (25 ns), the dominant factor limiting the gate

fidelity is thought to be due to the 77 times. As was discussed in section 4.4.2, this can be extended

3These errors are equivalent to applying an X,Y,Z or I gate to the state randomly with equal probability.
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Table 4.1: Elements of the Clifford group for a single qubit. The sequence of rotations about the x-,

y- and z-axes results in the operator U which is implemented with the microwaves using R3 Ro Ry,

up to an overall phase. The average total rotation is 77 /4.
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Figure 4.12: Probability of measuring the correct output state at site 27 of the array for 7 RB
sequences. The inset shows a histogram of gate fidelities for 47 of the 49 array sites. Two sites

were dropped due to poor loading statistics.

by implementing trap compensation techniques along with improving the cooling of the atoms
in the traps. Increasing our microwave power and thus our microwave Rabi frequency* as well
replacing all 37 /2-pulses with —7 /2-pulses will also improve this 75 limited gate fidelity. Fig.
4.12 shows the probability of measuring the correct output state for 7 RB sequences on a single
representative site along with a histogram of the gate fidelities for 47 sites of the array. Similar
experiments are done to test the single site gate fidelity using a Stark shifting beam, as described
in section 4.3, that is -20 GHz detuned from the 7p; /, line. A single site is shifted by 33 kHz
and the microwaves are detuned to match this shift so that only one site on resonance. Note this
is the opposite of what was described in section 4.3. With the large detuning the spontaneous
emission is so minimal that switching to this method works well, however this does require the
use of another laser tuned to this further detuning. The measured fidelities using this single site
gate scheme are equal to F? = 0.9923(7) with an average cross-talk error on all other sites equal
to 0.002(9). This error is 4.5 times larger than the global gates which is attributed to fluctuations

in intensity and pointing of the tightly focused beam. Because of the finite size of the Stark beam

40 uww = 4.74 kHz in these experiments.
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there is some intensity overlap to nearest neighbor sites that is as high as 5%, resulting in increased
cross-talk errors when compared to further away sites. The average cross-talk error amongst the
nearest neighbor sites is 0.014 £ 0.02. A smaller beam will minimize cross-talk but will increase
sensitivity to alignment drifts and the atom temperature. Use of some composite pulse sequences,
described in the following section, or use of a beam with a top-hat profile could alleviate these

issues. This trade-off must be considered moving forward.

4.6 Improving Single Qubit Rotations with Composite Pulse Techniques

Errors in the lab that can affect the performance of our quantum gates can be both random and
systematic in nature. The error threshold theorem tells us that if our error per gate is less than a
certain threshold, we can in principal use quantum error correction to execute arbitrarily long and
arbitrarily accurate quantum computations[65]. However these threshold values are predicted to be
about O(—4) to O(—G). Composite pulse techniques can be used to alleviate certain systematic
errors. Systematic errors can arise from miscalibrated apparatus, inhomogeneities in the driving
field across the spatial extent of the qubit system, or qubit frequency offsets due to varying Stark
shifts across the qubit system. Composite pulse methods take advantage of the fact that concatena-
tion of several pulses can produce more accurate rotations than a single pulse. It has been shown
that systematic errors can be compensated for without specific knowledge of the magnitude of the
error and these methods have been used by the NMR community for many years [67]. For quan-
tum computation purposes we are interested in “fully compensating” sequences that work without
specific knowledge of the initial state[68].

Systematic errors in the context of single qubit rotations are usually categorized as one of the
following: pulse length errors (PLE) and off resonant errors (ORE). Pulse length errors can be
thought of as over/under rotations or amplitude errors. When some pulse length error has occurred
the rotation angle is modified by §' = €6 for some small error, €. For a large system of qubits, these
errors can occur if there are inhomogeneities in the driving field across the system. For example, if
one had a laser beam set up to hit multiple qubits at the same time, the intensity closer to the edges

of the beam would be less than at the center resulting in position dependent Rabi frequencies.
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Off-resonance errors are due to the driving field being detuned from the qubit frequency. The
rotation angle is modified by ¢ = Qm . On the Bloch sphere the axis of rotation is
tilted out of the x-y plane. Using the same example as above of a large beam addressing multiple
qubits, the qubits in the center of the beam will experience a different differential Stark shift than
the qubits on the edge of the beam resulting in different qubit frequencies. In our system, slight
alignment errors of our trapping array cause some sites to have more trapping light at the center
of the trap than other sites. This will cause different differential shifts and therefore different qubit
frequencies across the array as demonstrated in section 4.2.

There exists a large number of composite pulse sequences. Here I will present a few examples

and discuss how they may be useful to us.

4.6.1 Pulse Length Errors

The first type of pulse length compensating sequence is called broadband number 1(BB1)[68].

An imperfect pulse which has some rotation error, €, is written as
Vo (0) = Up(0]1 + €)), (4.52)

where Uy () = e (o= cosétoysind)/2 jg 4 rotation about some axis in the x-y plane of the Bloch
sphere.

BBI is executed by implementing the following sequence
RBBl (9) = V¢(7T)V3¢(27T)V¢(7T)%(9) (453)

for ¢ = cos™!(—0/4x). It is instructive to visualize this sequence on the Bloch sphere. Say, for
example, we wish to execute a 7 /2-pulse so V;(0) = Vi (7 /2). Doing Vj(7/2) alone should brings
the Bloch vector to the equator of the Bloch sphere, but due to imperfections in the system the
target position is missed by some small amount, e. We compensate for this by implementing the
rest of the BB1 sequence. Fig. 4.13 traces out how each rotation acts on the vector on the Bloch

sphere, for a given value of €. Fig. 4.14 shows the full BB1 sequence for different values of €.
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Vo(6) Vi (m)Vo(0) Vag (2m) Ve (m)Vo (0) V() Vg (2) Vi () Vo (6)

Figure 4.13: For an error, € = 0.2, each pulse of BB1 is traced on the Bloch sphere.

Figure 4.14: Full BB1 sequence traced on the Bloch sphere for different values of e: (a) e=-0.01,
(b) e=-0.2, (c) €=0.5. Note for €=0.5, the procedure fails.

Another useful pulse sequence for correcting pulse length errors is called SK1 [69] which is

implemented by the following pulse sequence:
Rgki1(8) = Vy(2m)V_y, (2m) V4 (0), (4.54)

for ¢ = cos™!(—0/47). Fig. 4.15 shows the fidelity, or overlap with the target state, of a few
different sequences including a single pulse, SK1 sequence and BB1 sequence as a function of
the rotation error. This plot shows the broadband nature of the BB1 and how insensitive it is to

rotation errors. Clearly this is the favorable sequence for executing global rotations. The narrower,
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Fidelity of different sequences

~

—— single pulse
— SK1
— BBI

Figure 4.15: Fidelity of different sequences as a function of rotation error

BB1 on Site 42 SK1 on Site 42

Figure 4.16: Experimental demonstration of BB1 and SKI1, plotted with theoretical curves for

comparison. BB1 data from 2014_02_17_08_14_53. SK1 data from 2014_02_17_08_53_57.

flat-top nature of SK1 should be favorable for single site rotations when we care about addressing
and cross-talk error.

We have demonstrated both SK1 and BB1 using global microwave pulses on the atoms. Fig.
4.16 shows an example performed on a specific site. The data is plotted with the theoretical fidelity

curve for the respective composite pulse sequence along with a single pulse for comparison.
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Figure 4.17: Experimental demonstration of CORPSE, plotted with theoretical curves for compar-

ison. Data from 2014_02_17_10_31_29.

4.6.2 Off-Resonance Errors

A driving field that is slightly off-resonance will cause a tilt in the rotation axis and a modifica-
tion to the rotation angle from 6 to ' = 0/1 + 62/Q2% where 0 is the error. One fully compensating

composite pulse sequence for correcting these errors is called CORPSE [70]:

6 6
Rcorpse(0) = Vo(§ — k)i (21 — 2K) V(27 + i k), (4.55)
where
k = arcsin(sin(6/2)/2). (4.56)

Fig. 4.17 shows a experimental demonstration of the CORPSE sequence. One thing to keep in
mind when implementing these sequences is the added length of the pulse. For BB1 and SK1, in
order to compensate for a m-pulse a total of 57 rotation is needed. For a CORPSE m-pulse a total
of 137 /3 rotation is needed. Given our 10 KHz microwave Rabi frequency, a 57 rotation takes
250 ps which is ~ 5% of the T, time. To correct for both pulses simultaneously, one can think
about concatenation sequences. For example, one could concatenate BB1 with CORPSE. Then

each of the pulses that make up BB1 would be executed with a CORPSE sequence giving a total
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of 12 rotations. To compensate for a m-pulse a total of 197 rotation is needed which is impractical
given our microwave Rabi frequency and 77 time. Increasing the microwave power and increasing

the 7% will allow us to take advantage of these techniques.
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Chapter 5

Coherent Rydberg Excitations

As outlined in Chapter 1, the primary advantage of Rydberg mediated quantum information
processing comes from the ability to turn on and off the long-range interaction between qubits. In
order to take advantage of this we need the ability to coherently transfer population between the
ground and Rydberg states.

The wavelength needed for a single photon excitation to the Rydberg levels is 319 nm in ce-
sium. Building a high-power, narrow linewidth laser at such a short wavelength is technically
challenging though some groups take this approach [71, 72]. We use a two-photon excitation to
ns or nd levels. Here we excite to the Rydberg level by way of the intermediate excited state,
7p1/2.- We chose the second resonance lines because the photons required here are at 459 nm and
1038 nm. It is relatively easy to get a lot of power at 1038 nm as commercial fiber amplifiers are
built for this wavelength. As will be discussed later in this chapter, the matrix element connect-
ing the intermediate level to the Rydberg state is much smaller than that connecting ground to the
intermediate, so we prefer our second photon to have higher power in order to do fast Rydberg
Rabi oscillations. Using the first resonance 6p; /o or 6ps/, would require the second photon to
have a wavelength of 494 nm or 510 nm and it is much harder to get high power lasers at these

wavelengths.

5.1 Semi-Classical Derivation

The coupling between the states is shown schematically in Fig. 5.1. F; connects |g) and |p)
and F connects |p) and |r). The Hamiltonian is H = H,+ V; where the unperturbed Hamiltonian

is Hy = hwgy|g) (9| + hw,|p) (p| + hw,|r) (r|. The interaction is V; = — Eydpy — Eod,p, + h.c., where
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Figure 5.1: (left) A general level diagram from the excitation to a chosen Rydberg level. (right) A

more specific diagram relevant to the work in this thesis.

d;; is the same dipole operator introduced in Chapter 4, d = —er. The wavefunction describing

this three level system is written as
V) = cg(t)e™ ) + cp(t)e™# p) + cr(t)e ™ |r). (5.1)

Plugging this into the Schroedinger equation, applying the RWA and transforming into an appro-
priate rotating frame will result in three coupled differential equations for the probability ampli-

tudes [73]:

) A oA

Cg = —2509 + z;cp,

. 0 RV KO

ép :zgcp%—z?cg%—z?zcr, (5.2)
. A RS

Cr = ZECT + z;cp.

Here A = Ay + Ay and § = Ay — As. When § >> Qy, Q5 we can adiabatically eliminate [74]

Lc, — —2c,, resulting in an effective two

the intermediate state by setting ¢, = 0, and thus ¢, = —% 9~ 5

level system

&y = —%A;cg - %QRC
Z. Z. (5.3)



76

Here All(z) =A+ M is the effective detuning which includes the a.c. Stark shifts and {2z =

i — 2211—521 is the two-photon Rabi frequency. In the relevant situation when |A;| > |A[, we
take the approximation d ~ 2A, and therefore Q0 = 2. The single photon Rabi frequencies

depend on the field amplitude and polarizations along with the transition matrix elements to the
relevant states.

Solving the coupled differential equations assuming that at time ¢ = 0 all population is in the
ground state, ¢,(0) = 1 and ¢,(0) = 0, the probability of being the in Rydberg state as a function

of time is
P.(t) = =Zsin®(—-), (5:4)

where Q' = /|Qg[2 + A2 is the effective off-resonance Rabi frequency and Ay = (A} + A}) /2.
Note that the resonance condition, when full population transfer to the Rydberg state occurs, hap-
pens when A, = 0. This resonance condition includes the ac Stark shifts from each of the excita-
tion beams.

The single photon Rabi frequencies are 2y = —eE(p|r - €1|g)/h, Qo = —eEs(r|r - e3|p)/h
with £, €; the field amplitudes and polarizations. To compute these, the matrix element is reduced
via the Wigner-Eckart theorem to an angular factor times a radial matrix element (n'l},||r||nl;).
For a two photon Rydberg excitation to Rydberg level, n, via the 7p; /2 level in Cesium the reduced

matrix elements we are concerned with are [63]

<7P1/2||7’||651/2> = 0.276ay,

—8.08
(n81/2||7’||7p1/2> = Waoy (5.5)

—22.2
(ndsa||r|[7p1/2) = REYCRAE

where the Rydberg wavefunctions are calculated using measured quantum defects [75].

5.1.1 Including the intermediate state hyperfine structure

As discussed in section 4.3, the 7p; /; level has a hyperfine structure that needs to be considered

when the detuning, A4, is comparable to this splitting. The two-photon Rabi frequency derived

2199

above, (0p = N

is only accurate when |A;| >> Aj; where A is the width of the hyperfine
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structure which is equal to 377.4 MHz for the 7p; /; level in cesium. Within the hyperfine manifold

the relative detuning from the center of mass is

By = U+ 1) = I 4+1) = syl + 1) 56

where A is the magnetic dipole hyperfine constant equal to 94.35 MHz. For the relevant quantum
numbers f, = 3,4, =7/2and j, = 1/2, Ay, = =271 x 212.3 MHz and Ay, = 27 x 165.1 MHz.

The two-photon Rabi frequency between hyperfine states becomes

fromyg,ta1+qz fromy,+q1+q2
Fymy, = Q0 fomgy , (5.7)

where (2 is the “reduced” Rabi frequency,

EyEy(n, LS J||r||n, L,SJp){n, L,S T ||| |nngSJg>

2= oOhZA, ’

(5.8)

and the relevant (nLSJ||r||n'L’'S’J’) ’s are computed using eq.(5.5). The angular factor is com-

puted by summing over the intermediate hyperfine states

Afrmpgtate o fp Al fr myg+a1+az ~fpmp,+a Ay

Q il cr 1 1 (5.9)
f97mfg Jafg Lipfp fp my,+q1,1,q2 fg5 Mfgr1:q1 Al Af

P

Recalling from chapter 4, C" is a Clebsch-Gordon coefficient and

i = (CMH AR IS .10
where S is the 6j symbol.
We are coupling hyperfine ground states characterized by hyperfine quantum numbers (n, 1, j, [, s, f, mp, my)
to highly excited Rydberg fine-structure states that are characterized by the fine structure quantum
numbers (n, 1, j, [, s, mr, m;). The Rydberg hyperfine states can be expanded as

. frm - A
el my,me) = ) Cym ot gl L frmy,). (5.11)
f"7mfr

In our situation, we are always starting in a single ground hyperfine level, my, = 0, so my, is fixed
by the angular momenta of the photons: my, = my, + q1 + q2. Then the effective angular factor

coupling ground hyperfine to Rydberg fine structure states can be written as

Qe =37 gl Gl (5.12)

f97mfg Jrymge, Imp= " fg, mygg "
fr
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Note that m; = my, — m;, and therefore m; = my, + q1 + g2 — m;,. In many cases there are
two Rydberg Zeeman states with different values of m;, that can couple to the ground state. A
bias field is applied to separate these m, states by some amount that is large compared to the Rabi
frequency. Then the laser can be tuned to be resonant with just one state. The Zeeman states are
shifted by the bias field by an amount AE = g;1pm;, B where up is the Bohr Magneton equal to
1.4 MHz/G, B 1is the applied magnetic field, and g; is the Landé g-factor which is equal to 2 for
the Rydberg ns, /; states and % for the nds/, states. Typically, we use the same bias field strength
as that which is used for optical pumping, B = 1.5 G. For example, applying this field to an ns; /»
state will shift the levels an amount equal to AE = 1.5G x 1.AMHz/G x £4 x 2 = +2.1 MHz.
The single photon Rabi frequencies are needed to calculate the Stark shifts and spontaneous
emission rates. These should also include this intermediate hyperfine splitting. The one photon

Rabi frequencies are also split into their angular and radial parts:

—=fp —= =fp = ijvfp fosmg,+a1
‘_‘fg7mfg7q1 —gp— fg7mfg »q1 —gp Ingvfg .}L‘g]ﬂ/n‘fy717(]17
—=fp _= =/ E Jpvfp fp’mfg+q1 fromyg, (513)
‘_‘jT7mjr7q2 _‘_‘Tp‘_‘jTymjr7q2 - ‘—‘7’]) 7.77‘7f7‘ fT7mfr717_q2 jT7mjr7[7mI'
Here the radial parts of the single photon Rabi frequencies are
- _6E1<anpSJp||7’||n9LQSJg>
—gp — h )
(5.14)
= eBy(n. L. ST||r||n, L, S Jp)
Ep = N .

In Chapter 6 we will become concerned with the various Stark shifts induced by the excitation
beams on both the ground and the Rydberg states. These can be calculated with the modified
single photon Rabi frequencies by summing over the intermediate hyperfine states. The shift on
the ground state is then

’“;p )2
acg_ ngzmiw- (515)

The shift on the Rydberg state is similarly calculated

f—*fp
‘—‘7'117 .77‘7m]r ,q2 )2
DNper = E . (5.16)
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The final quantity we care about is the number of photons scattered from the intermediate level
during a Rydberg 7-pulse, t:
ot gy )’ (E7 )
N=mE2 N et m2 N et (5.17)
(25,2 i + 5

p p

where v, = 1/7, is the radiative decay from the p level. Generally we want N << 1.

5.1.2 Fine structure Rabi frequencies

As mentioned before, when A is large compared to the hyperfine splitting of the intermediate
level the coupling through the intermediate level can be approximated in terms of the fine structure
states. In this limit Q2 = ;€5 /2 and the one photon Rabi frequencies are

Ql :ijvmjg+q1 _ Q/ ijvmjg+q1

" e (5.18)
O, = Mt _ o irmigtate '
2= jpvmjg"‘(h - 2 jpvmjg+q1
These are composed of the radial parts,
Q' _E1<anpSJp||r||ngL95Jg>
b h ’ (5.19)
o B2 Lo STl Iy LyS ) '
2 h )
and the angular parts,
jpvmjg""(h
~JpsMjg+a1 o Jgmjg,lqn

Jg: Mg 27 1’
Vel (5.20)

JryMjg+q1+q2
~Jr Mg +q1+q2 JpiMyjg+41,1,q2

T Ny R |
The ground state hyperfine states are expanded as
gy, mr) = > CI G fmy,). (5.21)
famgg
For experiments discussed in this thesis the relevant hyperfine ground state is the | f, = 4, my, = 0)
state. For the my, = 0 states, m; = —m;, and for f, = 4, this coupling factor is equal to 1/ V2.
The total expression for the two photon Rabi frequency is

e A .
_ 1 Q192 ~Ip>Mjg a1 X JrMjg+q1+q2
o V2 27 Jg:Mig Jpimigta

(5.22)
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Figure 5.2: Calculations of the (a) Rydberg Rabi frequency the (b) Ground-Rydberg differential
Stark shift and (c) the number of photons scattered from 7p, /, during a Rydberg 7-pulse using the
full hyperfine structure (red) and the fine structure approximation (blue). Parameters chosen are
approximately what is used in the following experiments. Rydberg level 825y /5, g1 = 1, g2 = —1,

Pys9 = 45uW, Piozs = 4 mW, wys9 = 3pum, wigzg = 3.7pm.

The ac Stark shifts and spontaneous emission rates are computed in a similar fashion as in sec-
tion 5.1.1 but using the single photon angular factors computed in equation (5.20). In the limit
that Ay — 0 the quantities computed in this section will converge with those computed in sec-
tion 5.1.1. A comparison of these two calculations as A; is varied can be seen in Fig. 5.2. For
each calculation the red curve represents the results including the full hyperfine structure and the

blue curve represents the results in the fine structure limit.

5.1.3 681/2 — 7]91/2 — NsSy1/2

As an example, consider an excitation to an ns;/, Rydberg state from the |f = 4,m; = 0)
ground state via the 7p;/, state using photons with g; = +1 and g2 = —1. With this photon
polarization choice we couple through the m;, = +1/2 state in the p level and thus only couple
to the m;, = —1/2 in the Rydberg level. The relevant quantum numbers are j, = 1/2, j, = 1/2,
Jr=1/2,m; =—-1/2, fy=4,my, =0, f, =3(4), fr =3(4),my, =0, =7/2andm; = +1/2.
The two-photon angular factor coupling the ground |4, 0) hyperfine state to the Rydberg fine state
|1/2,—1/2) is computed using equations (5.9) and (5.12):

50ps 30,

~N1/2,—1/2 8A 8A
Q/7 /:_ P P

4,0 Ap. Dpin’
3V2(1- )1 - 32)

I

(5.23)
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Using the fine structure formula (5.22) the angular factor, using the above quantum numbers,

1

3v2
where A; >> Ay, results in an angular factor equal to —31%. As expected the fine structure Rabi

is equal to ——=. Setting A,, = 0 and A,, = 0 in equation (5.23), which is equivalent to the limit
frequency and the hyperfine structure Rabi frequency converge.

Table 5.1 shows the two photon Rabi frequency calculated using the full hyperfine equations
(HF) and using the fine structure approximation (FS). Also calculated is the differential Stark shift
of the ground and Rydberg state and the photon scattering rate from the intermediate level. The
parameters are chosen to be close to the experimental parameters used in the following sections
of this thesis. Calculations are done using two different detunings. At a detuning of -2.2 GHz the
difference between the hyperfine calculation and the fine structure calculation is less than a percent.
The fine structure approximation is valid here. Moving to a detuning of +0.82 GHz results in a

~ 7% difference so clearly the hyperfine equations are needed at this point.

5.14 681/2 — 7]91/2 - nd3/2

Using this two photon excitation scheme via the 7p; 2 level it is also possible to excite nds /o
Rydberg states. Starting in my, = 0 will result in my, = 0 or +2 depending on the photon
polarization and f, = 5,4,3, or 2. Equation (5.12) can be used to map onto the Zeeman states
whose quantum numbers can be m;, = £3/2 or £1/2 depending on the photon polarization. A

single Zeeman level is selected by applying a bias field.

5.2 Rydberg Laser

The light used for coherent excitation to the Rydberg level is made up of two separate lasers at
459 nm and 1038 nm. The 459 nm laser denoted as Rydberg A connects | f, = 4) hyperfine level
of the ground state to the intermediate 7p; /» level. The 1038 nm laser provides the second photon
needed in the excitation and connects the intermediate 7p;/, to the desired Rydberg level. Both
lasers are shown schematically in Fig. 5.3.

The Rydberg A laser is a 918 nm extended cavity diode laser (ECDL) that is locked to a high

finesse cavity using the Pound-Drever-Hall (PDH) technique [76]. The cavity acts both to narrow
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Table 5.1: Two-photon Rabi Frequency, differential Stark shift, and photon scattering calculations
for 825, /3 Rydberg level using the exact hyperfine method (HF) and the fine structure approxima-
tion (FS). Calculations are done with two different detunings with parameters approximately equal

to what is used in typical experiments.

Rydberg Level 825172, m = —1/2 82519, m = —1/2
detuning from the center of mass of the 7p level —2n x22GHz 427 x 0.82 GHz
Power of 459 beam at atoms 45 uW 30 uW
Power of 1038 beam at atoms 4 mW 24 mW
459 beam waist 3 pm 3 pm
1038 beam waist 3.7 pm 3.7 pm
Two photon Rabi Frequency, Qup 21 x480 kHz 21w x 879 kHz
Two photon Rabi Frequency, {2pg 2mx481 kHz 2mx 814 kHz
(Aper — Aac,g)ur 21 x 2 MHz 21 x 17 kHz
(Aper — Aacg)rs 21 x 2 MHz 27 x 85 kHz
photon scattering, Nygr 0.3% 1.0%
photon scattering, Ngg 0.3% 0.9%

the line-width and serve as a stable frequency reference. A small fraction of the light from the
EDCL is picked off for the cavity lock. First a high bandwidth double pass AOM centered at
750 MHz with 500 MHz bandwidth is used to allow for the frequency to scan across the 1.5 GHz
free spectral range (FSR) of the cavity. The light then passes through a 79 MHz phase modulating
electro-optic modulator (EOM) which adds the frequency sidebands needed for the PDH lock
before being sent to the reference cavity. The reference cavity is made up of a 10 cm ultra-low
expansion (ULE) glass spacer with two mirrors optically connected to it. One mirror is planar
while the other one has a 50 cm radius of curvature. A 1/e lifetime of 17 us was measured by
measuring the ring down time. This gives a reflectivity of 0.99998 and finesse of 160,000. The
frequency comb was used to measure the FSR of 1.49685 GHz resulting in a cavity linewidth

of 9.4 kHz. The cavity is kept in a temperature controlled vacuum chamber to ensure long term
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Figure 5.3: Schematic for the Rydberg laser system which includes the 1038 nm laser and the

459 nm laser.

stability. The temperature is set to the zero expansion point using the frequency comb. A plot of
this measurement is seen in Fig. 5.4 and the temperature is set to the peak of this curve which
corresponds to an actual temperature measured by the hand-held temperature probe of 31.0 C. A
fast photodiode looking at the back reflection of the cavity measures the beat frequency created
by the carrier and sidebands from the EOM. This signal is then mixed with a local oscillator to
generate a DC error signal. This error signal is sent to a circuit for feedback.

The 918 nm light that is not picked off for the lock is now frequency stabilized. A small fraction
of this light is picked off and coupled into a fiber and sent to a frequency comb to monitor the laser
frequency. The rest of the light is amplified using a tapered amplifier (TA) and then coupled into
a second harmonic generation (SAG) cavity. The SAG cavity is a bow tie ring cavity with a 2 cm

periodically poled potassium titanyl phosphate (PPKTP) crystal which frequency doubles the light
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Figure 5.4: Measurement of the zero expansion temperature for the 918 ULE cavity using the fre-
quency comb. The temperatures recorded are the temperature as registered by the TEC driver and
have not been well calibrated to actual temperatures. The peak corresponds to an actual tempera-

ture measured by the hand-held temperature probe of 31.0 C.

from 918 nm to 459 nm. This light is sent into the “switch-yard”, shown in Fig. 5.5, where it
is combined with 459 nm Raman light and sent through the same fiber to the experiment table.
Before being combined it passes through two AOMs. The first single-pass AOM is used for fast
noise eating. A description of this system along with a characterization of the laser noise can be
found in Appendix A. Next the beam is sent through another double pass AOM which serves three
purposes. As will be seen in section 5.2.1 this AOM will be used to compensate small frequency
shifts from the pointing AOMs. It is also used as a on/off switch on the light. Finally this AOM
is amplitude modulated for the purpose of slow noise eating, also described in Appendix A. The
1038 nm laser has a similar EDCL to high finesse cavity to TA set up as Rydberg A. This time
however there is no SAG cavity. The amplified light is sent through both a fast noise eating AOM
and a slow, on/off AOM before being sent to the experiment. The 0" order of the slow noise eating

AOM is sent to the frequency comb to monitor the frequency.

5.2.1 Finding the frequency

To hit a specific Rydberg level with the desired detuning from the intermediate state we must

tune the laser frequencies taking into account all of the AOMs in the system, including the AOMs
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Figure 5.5: Schematic for the 459 nm switch-yard with combines the Rydberg A and the Raman
lasers before being sent to the experiment. All AOMs pictured are Brimrose FGM-150-30-459.

in the beam addressing optics. There are 4 AOMs in the Rydberg A system and 3 in the 1038 nm
system which impart a frequency shift on the light. The 651 /5, F' = 4 — Tpy/2, F' = 4 resonant
frequency is 652504.80 GHz which we have measured with the frequency comb. The laser needs
to be tuned a few GHz away from this to minimize spontaneous emission from the intermediate
state. Typically our detuning is around -2 GHz. To first order the frequency of the Rydberg A
laser, fi59, will be this I' = 4 — F’ = 4 resonance plus the desired detuning, A;, or fi59 =
652504.80GHz + A;. If fryq is the total Rydberg frequency, calculated using measured quantum
defects [75], then the 1038 nm laser frequency needs to be tuned near to figpss = frya — fa50.
This is constrained by the discrete modes of the ULE cavity. Small adjustments to A; must be
made to account for this. The higher order mode spacing of the ULE cavity is 220 MHz. Once
the desired mode, at fios3s, is found the total 1038 laser frequency including all AOM shifts is
floss = f1038 + fonjoft + fscanner,i — fscanner2 Where fo, o6 = 80 MHz represents the AOM used
for switching and ficanner,1(2) T€presents the AOMs used for pointing and can be in between about
140 MHz and 160 MHz. We take the +1 order of the first AOM and the —1 order of the second to
make the contributions from these AOMs small.

With f],s5 fixed, the 918 nm laser frequency is calculated. We measure the frequency using

the fiber pick-off which is noted in Fig. 5.3. This pick-off does not see either the switch-yard
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Figure 5.6: Level diagram representing the different frequencies that need to be included in order
to find the respective Rydberg level. The 1038 nm laser is locked to a specific cavity mode. The
light is additionally shifted by an 80 MHz on/off AOM as well as the two AOMs in the beam
scanner. The 918 nm laser is locked to a specific cavity mode before its doubled. Additional shifts
are added by way of a double-pass on/off AOM and the two AOMs in the beam scanner. The total
of all these frequencies should equal the frequency of the ground to Rydberg transition with the

appropriate detuning from the intermediate state.

AOM or the two scanner AOMs. Including everything the laser frequency is fo15 = %( fRyd —
Jlo3s = 2fon/of 459 — fscanner,1,459 T fscanner,2,450) recalling that fis9 = 2 X fo13. A combination
of changing which cavity mode the 918 nm laser is locked to and changing the frequency of the
pre-lock AOM will result in the correct frequency. With any change in any of the scanner AOM
frequencies for either 459 or 1038 needed for alignment and site switching, the switch-yard AOM
frequency, fon/ofr 459, Needs to be adjusted to compensate. This calculation does not include Stark

shifts of the excitation beams which are predicted to be a couple MHz.
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Figure 5.7: Example data for Rydberg two photon spectroscopy experiments and Rabi flopping
experiments. (a) A TPS on the 70d3/, state. Data from 2014_04_04_07_45_26. (b) An RFE on the
70ds,, state. Fit gives a Rabi frequency of 824 + 21 kHz. Data from 2014_04_04_08_05_03. (c) A
TPS on the 82s, /, state. Data from 2014_11_03_.16_42_53. (d) An RFE on the 82, /, state. Fit gives
a Rabi frequency of 497 £ 10 kHz. Data from 2014_11_03_17_05_32.

5.3 Rydberg Rabi flopping experiments

Some representative data is shown in Fig. 5.7 for two different Rydberg states 70d3/> and
8251/9. Table 5.2 lists the parameters used for these experiments along with calculated Rabi fre-
quencies. The Rabi frequencies in this case can be calculated using the fine structure approximation
because the detuning in large. First a two photon spectroscopy (TPS) experiment is performed to
find the frequency which gives full population transfer from the ground to the Rydberg state. This
includes the Stark shift from the excitation beams so slight changes in power or alignment drifts

will shift this frequency. The pulse time is fixed to approximately 7 while the 459 nm frequency,
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Table 5.2: Rabi Frequency Calculation for two different angular momentum states using parame-

ters from the experiments shown in 5.7.

Rydberg Level 70ds3/2, mj, = —3/2 825179, M, = 1/2
detuning from the center of mass of the 7p level 2m x 2.4 GHz 2m x 2.2 GHz
)1 -1 -1
2 -1 +1
Power of 459 beam at atoms 15 uW 45 uW
Power of 1038 beam at atoms S mW 4 mW
459 beam waist 3 pm 3 pm
1038 beam waist 3.7 pm 3.7 pm
Two photon Rabi Frequency, (2 21 x 860 kHz 2mx480 kHz
Aper — Dacy 21 x 1 MHz 21 x 2 MHz
Zeeman shift with 1.5 G —2m x 2.5 MHz +2m x 2.1 MHz

Jon/off 450 18 stepped. The 1038 nm light is always held at a fixed frequency so any change in inten-
sity of either beams is compensated for by changing the 459 nm frequency. Once this frequency is
tuned in a Rabi flopping experiment (RFE) is performed by stepping the Rydberg pulse area. For
these experiments we turn the trap off during the Rydberg excitation.

We can compare the measured two-photon spectroscopy frequency with the theoretical Ryd-
berg excitation frequencies[77]. As depicted in Fig. 5.6, the experimental two-photon frequency
is calculated by summing the frequencies of the lasers plus all the AOM frequencies. The laser
frequencies are measured precisely using the frequency comb. Not depicted in the figure is the
fact that Stark shifts from the excitation beams and Zeeman shifts from the bias magnetic field
must also be included. These values are also calculated in Table 5.2. The difference between the
predicted excitation frequency and the measured frequency for the 70d3/, state is about 400 kHz.
For the 825/, state the difference between calculated frequency and measured TPS frequency is

-7 MHz. This shift is likely due to Stark shifts from dc electric fields.
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Figure 5.8: (a) The 780 nm trap is left on for this TPS. The detuning is the difference of the
frequency with the trap off in the usual scheme. A shift of ~ 1.5 MHz is measured, exactly as
expected. Data from 2014_05_28_11_20_41 (b) RFE with the trap on and (c¢) RFE with the trap off
for comparison. The two RFE are taken back to back. More decoherence is seen in the trap on

data. (b) Data from 2014_05_28_11_44_43, (c) Data from 2014_05_28_12_25_46.

As mentioned above, for these experiments, the 780 nm trap light is turned off 1 us before the
start of the excitation pulse and turned back on 1 us after the end of the pulse. The 780 nm light
causes large (~ 1.5 MHz) Stark shifts on the ground-Rydberg transition. Any intensity noise in
the 780 nm light will lead to dephasing. The traps can be turned off for ~ 10 us before the ground
state atoms start to experience loss due to their finite temperature so the Rydberg Rabi flopping
must be fast compared to ~ 10 us. One long term goal of this experiment is to be able to perform
all excitations with the trap light on. Fig. 5.8 shows an example of a TPS and RFE with the traps

turned on next to a regular trap off RFE taken immediately after for direct comparison.

5.4 Rydberg Coherence Time

Just as a ground state coherence time was measured in Chapter 4, and ground-Rydberg co-
herence time can be measured by measuring the decay of the Ramsey oscillations as the delay
time between two 7/2 Rydberg pulses is stepped. In addition, the frequency of these Ramsey
oscillations are equal to the total differential Stark shift induced by the excitation beams. This
will become an important factor is Chapter 6. Fig. 5.9 shows this measurement performed on the

82517 state.
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Figure 5.9: Ground-Rydberg 7, measurement on 82s;/, using parameters {); = 27 x 70 MHz,
Qs = 21 x 31 MHz, and A; = —27 x 2.18 GHz. The decay of the Ramsey signal gives 75 time
of 7 us. The frequency of the signal gives a ground-Rydberg differential Stark shift of 2.26 MHz.
Data from 2014_11_12_16_30_07, 2014_11_12_17_-14_11 and 2014_11_12_18_11_49.

5.5 Rydberg Blockade

The mechanism used for creating two atom entanglement is called the Rydberg blockade. The-
oretical details of this mechanism are found in Ref. [78]. Excitation of a control atom to a Rydberg
level prevents subsequent excitation of a target atom in a neighboring site. We have demonstrated
blockade in the array for neighboring sites separated by 3.8 pm, diagonally neighboring sites sep-
arated by 5.4 um and next nearest neighbor sites separated by 7.6 pm. The latter is shown in Fig.
5.10 for the 825, /5 Rydberg state. The doubly excited state is shifted off resonance by an amount
B ~ 15 MHz. The blockade fails when a double-excitation occurs. This happens with probability

2
QRyd

Pg% Bz.

(5.24)

For B ~ 15 MHz and Qy = 27 x 550 kHz, P, ~ 0.1%.
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Figure 5.10: Rydberg Rabi flopping experiment on the target site with a Rydberg 7 pulse on the
control site separated by 7.6um. The target data is cut whether a control atom is present (red curve)
or not (blue curve) and therefore represents the blockaded and non-blockaded cases, respectively.

Data from 2014_08_18_10_41_40.
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Chapter 6

Two Qubit Operations

The fourth DiVincenzo criterion [7] requires our quantum computer to have a universal set of
gates. Our universal set of quantum gates is composed of the set of all single qubit gates described
in Chapter 4 and the two qubit controlled NOT (CNOT) gate, the subject of this chapter. Two atoms
are made to interact via the Rydberg blockade discussed in Chapter 5. Here we use the Rydberg
blockade to make controlled phase gates which in turn can be used for CNOT gates and two atom
entanglement.

The controlled phase, C'z, is implemented by a total of three Rydberg pulses: a 7 pulse on the
control, followed by a 27 on the target, followed by another 7 pulse on the control. When one of
the atoms is in the |1) state, the Rydberg pulse is resonant and the atom makes a total 27 rotation
picking up a 7 phase shift. An atom in the |0) state will be 9.2 GHz detuned from the Rydberg level
and will therefore remain in |0) picking up zero phase. When the two atom state is |11), the control
atom completes a 27 rotation while the target is blockaded and remains in the |1) state picking up

zero phase. This constitutes the following two qubit unitary operation in the computational basis

Cy = (6.1)

o o o =
o
|
—_
o
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To implement the CNOT gate 7 /2 ground state pulses are added to the target before and after the

C'z operation. Here the target is flipped when the control is in |1)

1 000
0 0
CNOT, = (6.2)
0001
0010

Changing the phase of the second 7 /2 by 7 results in a CNOT gate where the target bit is flipped

when the control is |0)

0100
000
CNOT, = (6.3)
0 010
0001

The example above assumes a simple two level system driven by a single field. In reality, we
have a three level system driven by two fields. AC Stark shifts from the driving fields will cause

additional phase accumulation on the ground states. The controlled phase operation is actually

ei¢oo 0 0 0
0 el¢o1 0 0

Cy = | . (6.4)
0 0 P10 0

0 0 0 elon

6.1 Constructing the controlled phase gate

To calculate the elements of equation (6.4) we need to understand all of the different phase
shifts that can occur. Along with the 7 phase shift expected from a 27 rotation there are additional
phase shifts induced by the 459 nm light and the 1038 nm light, both resonant and non-resonant ac
Stark shifts on both Rydberg and ground states. For the following measurements and calculations,
itis assumed the 780 nm trapping light is off during any Rydberg excitation and therefore does not

contribute to any additional shifts.
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Figure 6.1: The CNOT gate using Rydberg blockade is implemented by sandwiching the C'; op-
eration with 7 /2-pulses on the target site. C'; is implemented by a total of three Rydberg pulses.

The phase of the second target 7 /2-pulse determines which CNOT gate is created.

6.1.1 Measuring beam intensities

In order to calculate all of the shifts induced by the Rydberg excitation beams we need to have
good measurements of the beam intensities at the atoms. In principal, careful measurements of the
beam waists and beam powers should give us accurate intensities. Not only are these measurements
usually inaccurate but this also assumes the excitation beam waists are axially aligned perfectly to
the atom when in reality this alignment could be ~ 10 — 20 ym off. A series of Ramsey and
Rabi flopping experiments can be used to determine the single photon Rabi frequencies and thus
the beam intensities experimentally. Recall from Chapter 4 that a two level system rotated to the
equator by a 7/2-pulse will precess at a frequency equal to the detuning. The detuning in this
case is the differential Stark shift induced by the excitation beams. Measuring the frequency of the
resulting Ramsey fringes is thus a direct measurement of the differential Stark shift from which the
single photon Rabi frequencies and intensities can be inferred. A microwave Ramsey sequence is
used to measure €1y, as defined in Fig. 6.2, by turning 459 nm light on in between two microwave
7 /2-pulses. This sequence measures the differential Stark shift of the ground state which is equal to
the difference between the resonant Stark shift on |1) and |0) which are separated by the hyperfine
frequency, wy,

Ainff,g_ 1 (Q_%_ 0 ‘
Ay A —w,

8

(6.5)

In general, the hyperfine splitting of the intermediate level needs to be included into this equation

as was discussed in section 4.3 and section 5.1.1. For simplicity here I will use the fine structure
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Figure 6.2: Rydberg Level Diagram

approximation as the detunings used in the experiments in this chapter are large enough for the
approximation to be valid but in general the equations of section 4.3 and section 5.1.1 should be
used. Through the Ramsey experiment we measure this frequency, A‘fiﬁ’g , from which we can
infer {2y since A; and w, are known. In principal the same method can be used to extract {2, but
the differential shift on the ground state from the 1038 nm beam is small, about 200 Hz. Instead a
Rydberg Rabi flopping experiment is performed, as was discussed in Chapter 5. The two photon

Rydberg Rabi frequency in the fine structure limit is equal to

0y

Op = .
B7 9N,

(6.6)

Since €2; is now known and €1y is measured, {2, can be inferred. As a consistency check, a
measurement of the ground-Rydberg differential shift, A,., — A,c 4, via a Rydberg Ramsey mea-
surement is also performed. Note this is the same measurement that gave us the ground-Rydberg
coherence time in Chapter 5.

Fig. 6.3 shows the experiments that are done in order to determine the parameters needed for
calculating the gate phases using the Rydberg 825,/ state with a detuning, A; = —27 x 2.2 GHz,

measured from the center of mass of the 7p; /, level. From Fig. 6.3(a) the frequency of the 459 nm
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Figure 6.3: Example of the experiments used to find the relevant parameters for calculating the
gate phases. (a) 459 Ground Ramsey experiment used to extract {2;. Experimental data from
201-10-27_11_08_-20. (b) Rydberg Rabi flopping experiment used to extract {2, once €2; is known.
Data from 2014_11_03_17_05_32. (c¢) Ground-Rydberg Ramsey experiment used to measured the
differential shift of the ground-Rydberg transition due to the Stark shifts from the excitation beams.

This measurement is used as a consistency check. Data from 2014_11_12_16_30_07.

ground state Ramsey gives A‘fiﬁ’g = 27 X 456 kHz. From this we can calculate a value for
2y = 27 x 70 MHz and thus |E}| can be inferred. Fig. 6.3 (b) shows a measurement of the
two photon Rydberg Rabi frequency found to be {2 = 27 x 497 kHz. This value allows us to
calculate 2y = 27 x 31 MHz and thus | F»|. We can now use these parameters to calculate all of the
relevant Stark shifts that will contribute to the phases of equation (6.4). The frequency extracted
from ground-Rydberg Ramsey experiment as seen in Fig.6.3(c) should be consistent with the sum

of the shifts which are calculated in the following section 6.1.2.

6.1.2 Calculating Stark shifts

The ground state experiences a resonant ac Stark shift from the 459 nm light and a non-resonant
shift from the 459 nm and 1038 nm light. Table 6.1 summarizes and calculates the shifts using as
an example the parameters found in section 6.1.1, which represent typical parameters used in our

gate experiments.

0.7
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Resonant 459 shift on |1) L —27 %560 kHz
Resonant 459 shift on |0) Hai) —27x 110 kHz
Non-resonant ground 459 shift  — a1 |E1[? 27 x 1 kHz

Non-resonant ground 1038 shift — =g 0|Es[*> —27x1.2 MHz
Total ground shift on |1) —27x1.8 MHz
Rydberg free electron shift 459  —La, 1| Ey[? 27 x1.5 kHz
Rydberg free electron shift 1038 — 4—1ha7«72|E2 |2 27 %500 kHz

Rydberg shift Resonant 1038 1(%2) 27 %110 kHz
Total Rydberg shift 2mx392 kHz
Total Differential Shift 2mx2.2 MHz

Table 6.1: Summary of the different Stark shifts for the parameters: (2; = 27 x 70 MHz, {2y =
21 x 31 MHz, and A; = —27 x 2.2 GHz, 825, /,. The fine structure approximation is used here.
Adding in the hyperfine structure of the intermediate level will change these numbers by less than

0.5%.

Here ay 1(2) are the non-resonant ground state polarizabilities at 459(1038) nm. Non-resonant

Rydberg polarizabilities are calculated using the free electron polarizability

62

6.7)

Qpj = ———,
J mewjz»

where e and m. are the electron charge and mass, respectively and wj is the driving field frequency.
Here we also include the resonant 1038 nm shift on the Rydberg state. The relevant non-resonant

polarizabilities in CGS units are

g1 = —11.6A°,

(g2 = 188.814°

any = —15A° ©9
rl — )

Qo = —T76.90A°.

From Table 6.1 we can see for the given parameters, the ground state experiences a net shift

down while the Rydberg state is shifted up. The sum of these shifts results in a positive differential
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shift on the ground-Rydberg transition of 27 x 2.3 MHz which agrees with what was measured in

Fig. 6.3(c).

6.1.3 Shift from a 27 rotation

In the case of a two level system driven by a single field the ground state accumulates a shift of
e’™ = —1 during a resonant 27-pulse. The situation is complicated for the three level system driven
by two fields. The laser frequencies are tuned to give full population transfer from the ground state
to the excited state. This means the detuning includes the Stark shifts from each of the excitation
beams. Derived in Chapter 5, the resonance condition occurs when

.
20 20

A=A+ 0, (6.9)

ford = Ay — Ay and A = A, + A,. This resonance condition can be rewritten as

|| n 2f* _

AQA; - A) + =5 :

0. (6.10)

In the limit where A is small as to be close to resonance but A is large to minimize spontaneous
emission from the intermediate level we can take d ~ 2A; and the above equation is solved for A

A~ Q2 — |

ac- 11

Using A = A, as our operational detuning we can calculate, using results from Chapter 5, the
phase accumulated by the ground state during a 27 Rydberg pulse

A—A_
Prya =T+ ———— 2tz

T

20 |Qg]
sign(Al)} .

~

(6.12)

O

—rl1— ‘_

ﬂ 0

This gives the counterintuitive result that there is exactly 0 (27) phase shift in the balanced
situation when €2; = Q.

‘We must also include in this calculation the non-resonant shifts discussed in section 6.1.2. The

solutions found for the probability amplitudes in Chapter 5 are still valid provided we use modified
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detunings, A’ and A, which now include the non-resonant shifts

0 2
A=Ay 51| +2A% + 27T,
2 (6.13)
Ay =A— ; — 2A™ — 2AM
The non-resonant shifts on the ground (Rydberg) states, Arglfr), are the same as in tables 6.1:
nr 1 2
FLAQI = —ZQg71|E1|
1
hArglg = _Zag72|E2|2
1 (6.14)
FLA?{ = _ZQT’I|E1|2
1

RAM = —Zq, 5| Fy|?
r2 4a ,2| 5|

The modified resonance condition then becomes

A~ Q]2 — [

A AT AL - AT - AR (6.15)

Including non-resonant shifts the phase acquired by the ground state during a 27 resonant Rydberg

pulse is

Q : nr nr
ORyd = 7T[1 — ‘Q—: 51gn(A1)} —2(A7 + A)tr. (6.16)

6.1.4 Phase accumulation on the computational basis states

Now we understand where all the various shifts can come from let us construct the C;, gate by
considering how these shifts affect the computational basis states, |ct) = |00), |01), |10), [11).

For the |00) state the excitation beams are 9.2 GHz detuned for both sites so both remain in
the |00) state. The beams do, however, induce an off-resonant Stark shift on each atom for a time,
2tr = 27 /|Qg|. This shift will be denoted as ¢y (). From Table 6.1, the shifts on |0) include the

resonant 459 nm shift and the non-resonant 459 nm and 1038 nm shifts. In other words

®00 = Put,c + Pnt, (6.17)

where

Q1 )]

iy = 2Ol
Ont,e(t) [4(A1 —0))

+ Agten) + Agzeo]tr (6.18)
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For the |01) state, the control experiences the off-resonant Stark shift, ¢ ., while the target

picks up a phase shift from the resonant Rydberg 27-pulse, ¢ryq from equation (6.16)

01 = Ouf,c + PRyd,t- (6.19)

The |10) state is different than the |01) state because the control atom is held in the Rydberg state
for a time 2¢, during the target pulse. This adds yet an additional phase denoted as ¢g,, which

includes the ground-Rydberg differential Stark shift

o |Q270|2
du = 2| (15

+ A?ic + A?;,c) - (

Q ¢ ’ nr nr
|4(1Al|) + Age F Aglc)} (tgap + tr)- (6.20)

Here ¢4, 1s the extra time in between pulses which, experimentally, is the minimum time it takes

to switch sites limited by the AOMs in the beam scanner. In total the shift on the |10) state is

10 = PRyd,c + Pgap T Pht,z- (6.21)

Finally the |11) state experiences an additional shift due to the blockade, ¢g, for a time 2¢, which

includes the resonant Stark shift of 459 nm beam plus the non-resonant shifts on the |1) state

0 2
o = _2[| 41' NP (6.22)

giving the final expression for the phase accumulation on the |11) state during the gate sequence

¢11 = ¢Ryd,c + ¢gap + ¢B- (623)

As an example, to show that the result of these shifts are not equal to the ideal C'; of equa-
tion (6.1), plugging in the parameters extracted from section 6.1.1 the resulting two qubit operator

is

6z'0.287r 0 0 0
0 6—i0.877r 0 0
Co = , : (6.24)
0 0 6—20.57r 0
0 0 0 6—i0.357r

Sandwiching Cj in between two 7/2 ground state pulses on the target atom will not result

in a CNOT; or CNOT,. However, by controlling the phase of the second ground state pulse we
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Figure 6.4: Simulated CNOT matrix overlap, i >~ (CNOTigea] CNOTy))?, as a function of the
elements

phase of the second ground state pulse for parameters extracted from 6.1.1: 23 = 27 x 70 MHz,

y = 27 x 31 MHz, and A, = —27 x 2.2 GHz, 825 5.

can maximize the matrix overlap with the ideal CNOT where the matrix overlap is computed as

O(CNOTjgea, CNOTy) = i >~ (CNOTideall CNOTy|)?. Defining

elements
CONOT, = Ry(7/2, $)CyRy(7/2,0), (6.25)

where R ) (0, ¢) is a ground state rotation on the control(target) by an angle, ¢, with phase, ¢, we

find unity overlap with CNOT; and CNOT;, for phase angles defined above

O(CNOT;, CNOT,,, ) = 1,
' o =on0) (6.26)

O(CNOT4, CNOT 4y, 650 ) = 1.

Note that this overlap is not a gate fidelity and does not contain any phase information. For exam-

ple, using the C'; found in equation (6.24) we find

6z'0.287r 0 0 0
0 6—i0.867r 0 0
CNOTy,, 4,0 = e (6.27)
0 0 0 e
0 0 6z'0.857r 0

Fig. 6.4 shows the overlap of CNOT,, created with Cy with the two different ideal CNOT gates

as a function of the ground state phase, ¢. For Fig. 6.4, the parameters from section 6.1.1 are
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used. The free parameters are the beam powers and waists, P, P, wy, ws for each of the sites, the
detuning A, the Rydberg level and the gap time between pulses, t4,p,. If we leave these parameters
undefined we can always find the phase of the second pulse that gives a matrix overlap with an ideal
CNOT equal to 1. The difference between the phases of the two CNOT gates independent of their

parameters is always

b1 — 010 — (Po1 — P00) = —PRyar + OB

= —T.

(6.28)

6.2 CNOT gate-experimental results
6.2.1 Next nearest neighbors, 825 /5

From section 6.1.4 it is clear that setting the correct phase of the second ground state pulse is
crucial to running the gate. This is found experimentally by using the sequence seen in Fig. 6.5(a).
A global ground state m-pulse is added at the end in order to make a |1) measurement. The data
in Fig. 6.5(b) was run with parameters extracted from section 6.1.1 using a control and target that
are two sites away so that their separation is 7.6 pym. The plot in Fig. 6.5(b) shows the single atom
data of the target atom which is cut on whether a control atom is present or not. The red curve
shows the data when a control atom is present and therefore the Rydberg blockade occurs. While
this is only single atom data, this curve can be thought of as representing the |11) input state and
if we wish to run the CNOT), gate, we choose the phase where this curve is minimum so that |11)
goes to |10). The blue curve shows the data when a control atom is not present when no blockade
occurs. These two curves should always be shifted from on another by a relative phase equal to 7.

For the data presented in Fig. 6.5(b), the two 7/2-pulses are executed using the Stark shifting
microwave pulse method described in Chapter 4. The parameters are the same as in the previous
section.

The data of Fig. 6.5(b) should agree with the simulations of Fig. 6.4. There appears, however,
to be a phase shift between the experimental and theoretical case of approximately 1.24 radians.

In the case of the CNOT; the phase we are concerned with is ¢1; — ¢19. In terms of experimental
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Figure 6.5: (a) Sequence for CNOT eye diagram experience which is used to find the phase at
which to run the gate. (b)Experimental CNOT eye diagram for parameters ¢); = 27 x 70 MHz,
Q = 21 x 31 MHz, and A; = —27 x 2.2 GHz, 825, /5, next nearest neighbors. The red data
is the results of the target cut on there being a control atom loaded and represents the blockaded
data set. The blue is cut on there being no control loaded. The two curves should always have a
7 phase shift with respect to one another. The phase offset from O is a result of the Stark shifts
described earlier in this chapter. The phases which give the minimum for the red curve are the
phases which give the CNOT; operation and should be equal to ¢1; — ¢19. Experimental data from
2014-11.05-10-01_13
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Figure 6.6: CNOT gate populations on next nearest neighbor sites with parameters (2; = 27 X
70 MHz, )y = 27 x 31 MHz, and A; = —27 x 2.2 GHz, 825 5. Data from 2014_11_12_09_42_24,
2014.11.12_10_08_-11, 2014_-11-12.10_36_18 and 2014_11_12_11_03_14.

parameters this phase occurs at

11 — P10 = PB — Onft
o (6.29)

Al—wq

= W)g—: sign(Aq)
If the two beam intensities and the detuning are adjusted by 15% the measured phase is recov-
ered.
To measure the CNOT gate population matrix, each of the computational states are prepared
and measured. This result is seen in Fig. 6.6. Note that the sum of the fidelities in a given row or
column is not equal to one as expected. This loss is currently not well understood and is the main

factor limiting our fidelity at the moment. This will be discussed further in section 6.5.
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Figure 6.7: CNOT gate populations on diagonally neighboring site for parameters {3, =
2 x 41 MHz, Q; = 27 x 101 MHz and A; = —27m x 2.42 GHz, 70d3/,. Data from
2014_04_05-00_27_-11, 2014_04_.05_00-14_30, 2014_04_05_00_01_34 and 2014_04_04_23_32_15.

6.2.2 Diagonal neighbors, 70d3 -

Similar results were observed for two diagonally neighboring sites, 5.4 pm apart, using the
70ds3/» Rydberg state. The approximate parameters give {2; = 27 x 41 MHz, €}, = 27 x 101 MHz
and A_ — 27 x 2.42 GHz. This results in an {2z = 27 x 850 kHz with a ground-Rydberg differential
shift of 2 x 2.8 MHz. The CNOT population matrix is shown in Fig. 6.7. This is an example
of the CNOT,, gate. It should be emphasized that the contrast between the high and low states is
quite good. The overall loss in population is currently limiting the gate as opposed to errors in the

operations.

6.3 Bell states and Entanglement

The CNOT gate is used to create Bell states and thus two qubit entanglement. To create a Bell

state, a ground state 7 /2-pulse is added to the control at the beginning of the sequence shown in
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(a) n/2 TRy TRy
11> D

/2 2mg (/2)
1>, : 1D

(b) w2 Ry TRy (37/4),
1> D

Figure 6.8: The two methods used for creating Bell states. (a) The standard method involves only
7/2 ground state pulses. For the last ground state pulse single site addressing on the target is
needed therefore this is called the“Stark method”. (b) Replacing the last ground state 7/2 pulse
with a global 37 /4 pulse allows all ground state pulses to be implemented globally. This is denoted

as the “37 /4 method”.

Fig. 6.8 (a). Alternatively, the Bell states can be created using the circuit seen in Fig. 6.8, by
replacing the last ground state target 7 /2-pulse with a global 37 /4-pulse. This method allows all
ground state pulses to be executed using the global microwaves only.

The next step after the Bell state creation is entanglement verification. To verify entanglement
one must measure the complex coherences of the density matrix of the entangled state. In general,

a two qubit density matrix has the following form
p= . (6.30)

Here the diagonal elements represent the real populations and the off diagonal elements are the

complex coherences. To see the importance in measuring the coherences consider, for example,
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the Bell state |By) = [00)+111) " The density matrix, | By) (B |, for the state is

V2
1/2 0 0 1/2
0 00 0
o = (6.31)
0 00 0
1/2 0 0 1/2

Now consider the separable state which is a classically correlated mixture of both atoms being in

|0) with 50% probability and both atoms being in |1) with 50% probability,

1/2 0 0 0
1 1 0O 00 0
M = 51000 + 5,011 = (6.32)
0 00 O
0 0 0 1/2

Both density matrices look identical when looking only at the populations, Fy, and F;;. This
demonstrates the importance of measuring the coherences when verifying entanglement. Further-
more, the criterion for entanglement can be derived. An arbitrary separable pure state for two

atoms labeled C and 7' can be written as
1) = (col0) + c1[1))c ® t0]0) + t1[1)) 7. (6.33)

This state must satisfy both normalization conditions |co|* + |c1|*> = 1 and |¢o|* + |¢1]* = 1 which

combine to give
lcol? + [er]” + [to]® + [t1]? = 2. (6.34)
This condition is rearranged to
(lcol = leo)® + ([ta] = [t1])* + 2[eol[to] + 2]ex|[ta] = 2. (6.35)
Since the first two terms are always positive or zero we can derive the condition

|C(]||t(]| + |Cl||t1| S 1, (636)
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and
(leol[to] + [eallta])* < 1. (6.37)

Expanding this out and noting that |c;||¢;]* = P;; and |co||to||c1][t1]| = |C1| we derive the condition

necessary for a density matrix to represent a separable state
Poo+ P +2|C4| < 1. (6.38)

Define the entanglement fidelity as F' = 1(Pyo + Pi1) + |C1]. If F > 1/2 the state is entangled.
Similarly one can derive the condition for the other bell states: £ = £(Po; + Pig) +|Ca| > 1/2. To
verify entanglement and measure the fidelity of the entangled state we created we need to measure
the populations and the coherence terms Cy or Cs.

One can do this by fully reconstructing the density matrix via two qubit quantum state tomog-
raphy. This involves taking measurements in the x and y basis. State tomography on a single qubit
involves six measurements. The two qubit state tomography needed for entanglement verification
involves 36 measurements. This procedure takes a long time and will give us more information
than we necessarily need for entanglement verification.

Alternatively, the coherence can be measured by observing parity oscillations. Applying a
rotation, R.)(f, ¢), to each of our qubits C' and T" will evolve the density matrix to p’ — RpR'
where R = R. ® R;. Define a parity signal P = Fyy + P11 — Fy1 — Pio. After the rotation, R, the
parity signal become P’ = P}, + P{; — F}; — P|,. Choosing the rotation angle as § = 7/2 and

allowing ¢ to vary, this signal simplifies to
P = Cy + C; — Cre ™ — C1e*® = 2Re[Cy] — 2|C | cos(2¢ + £). (6.39)

for C; = |C4|e®. The parity signal oscillates with an amplitude of 2|C}|. By preparing a Bell
state then applying a 7/2 pulse with varying phase, ¢, parity oscillations are observed. From this
the coherence can be extracted and thus, in combination with the populations, the entanglement

fidelity is found.
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Figure 6.9: (a) Bell state population measurement and (b) parity oscillation measurement using
next nearest neighbor sites separated by 7.9 um with the parameters €); = 27 x 70 MHz, {2y =
21 x 31 MHz, and A; = —27 x 2.2 GHz, 825, /5. For (a) the populations measured for the Bell
state are |00) : 0.18 4 0.05, [01) : 0.08 4 0.04, |10) : 0.08 £ 0.04, |11) : 0.3 + 0.06 Data from
2014-11.05-10-48_10. The fit to the parity curve in (b) gives a value C; = 0.13 4+ 0.04. Data
from 2014_11_05_18_28_53. This gives an entanglement fidelity F' = 0.37 £ 0.06 which is under

threshold for entanglement. This data has not been corrected for any type of atom loss.

6.3.1 Experimental results: 825/

The Bell state population and parity experiment described above is executed with the param-
eters found in section 6.1.1 using the 37/4 method. This data is taken on next nearest neighbors,
separated by 7.9 um, using the 82s;,, Rydberg state. The results of Fig. 6.9 clearly shows evi-
dence of the |00) + |11) state with parity oscillations, but still gives an entanglement fidelity below
threshold at /' = 0.37 £ 0.06.

With the estimated parameters we can calculate the expected Bell state populations and parity
oscillations. Define | Bga,k) as the Bell state created using the circuit from Fig. 6.8 (a) and | Bs;;/4)

from circuit (b). The Bell state fidelities are calculated as the overlap with the desired state
F = |(Bigeat| B)*. (6.40)

Using the Stark shifting method and equation (6.24) we find a Bell state fidelity equal to F' =

0.988 with |Bigeq;) = %(|00> — |11)). For the 37 /4 method this overlap is only F' = 0.64 with
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Figure 6.10: Parity oscillation simulations using the Bell states created using the C'; gate from
equation (6.24) using the experimental parameters found in section 6.1.1. Simulations are done for
both Bell states created using the (a) single site Stark shifting method and (b) the global microwave

37 /4 method. In both cases the ideal case is represented by the dashed curve.

| Bideal) = %(|00> + |11)). Fig. 6.10 shows simulated parity oscillations given these Bell states
created using the C'; gate of equation (6.24), where the dashed curve in each case is the ideal
case. In both cases a small phase shift is observed but only for the 37 /4 method is the amplitude
significantly reduced and the offset from zero shifted. This implies this method is not good for
the chosen set of parameters. All simulations ignore finite blockade effects, spontaneous emission,
atom loss, dephasing and assume both atoms use exactly the same parameters. The effect of using
37 /4 method as simulated in Fig. 6.10 (b) was unknown at the time data from Fig. 6.9 was taken.
This could contribute to the infidelity. Also the fidelity should be limited by the atom loss as the
populations of the Bell state only add up to 0.69.

Close attention should be paid to the parameter ¢,4,,. The simulations (and experiments) above
have t4,;, set to 500 ns. According to Fig. 6.11, scanning .., recovers an ideal Bell state, /' = 1.0,
in the Stark shifting method. However, t,,, must be changed by 7 ns from its nominal value which
is below the 25 ns resolution of digital I/O which controls the pulse timings. Using the 3 /4
method, if an additional phase shift of —¢g,,, is added to the second ground state pulse, a Bell state

with F' = 0.998 can be recovered if ¢,,, is changed to 438 ns.
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Figure 6.11: Bell state fidelity simulations as a function of ¢, using the different methods. Param-
eters used for simulations are €); = 27 x 70 MHz, {2, = 27 x 31 MHz, and A = —27 x 2.2 GHz,
8251/2. The vertical line represents the nominal value of ¢4, equal to 500 ns. The blue curve
represents the Stark shifting method. The gold curve is the 37 /4 method and the pink curve is the

37 /4 method with an additional phase of —¢g,,, added to global 37 /4 pulse.

In section 6.4 we will show how to set the parameters including, ¢4, to recover and ideal C'z

and thus ideal entanglement fidelities.

6.3.2 Experimental results: 70d3 /-

Bell state population and parity measurements are also done on diagonally neighboring sites
separated by 5.4 pm using the 70ds/, state. Fig. 6.12 shows these results using both Stark and
37 /4 implementations for creating the Bell states. For the Stark shifting method, the entanglement
fidelity is £ = 0.52 £ 0.07, above the threshold for entanglement. The 37 /4 method gives an
entanglement fidelity of /' = 0.47 4 0.06, just at the threshold for entanglement. While the C;
values from the parity oscillation is bigger for the 37 /4 method, the larger loss in population,
particularity in the |11) state results in a lower entanglement fidelity compared to the Stark shift
method. Using these parameters, the expected Bell state populations and parity oscillations can
be calculated as was done in the previous section. The calculated Bell state fidelity is found to be

F = 0.97 using the Stark shifting method and F' = 0.70 using the 37 /4.
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Figure 6.12: Bell state population and parity measurements using diagonal neighbors with parame-
ters {2} = 2m x 41 MHz, Q; = 27 x 101 MHz and A = —27 x 2.42 GHz,70d3 /2. The results using
the different implementations are shown. (a) Bell state populations using the Stark shifting method.
Measured populations are |00) : 0.36+0.07, |01) : 0.02+0.02, |10) : 0.1440.05, |11) : 0.3940.07.
Data from 2014_04.04_21_07_34. (b) Resulting parity measurement fits C; = 0.14 £ 0.05 giving
an entanglement fidelity of F' = 0.52 4+ 0.07. Data from 2014_04_04_22_33_01. (c) The 37 /4
method is also used to create the same Bell state. Measured populations are |00) : 0.35 £ 0.09,
|01) : 0.04 4+ 0.02, |10) : 0.04 £+ 0.02, |11) : 0.16 £ 0.06. Data from 2014_04_03_15_12_20.
(d) Resulting parity measurement fits C; = 0.21 £ 0.04 giving an entanglement fidelity equal to
F =0.47 £ 0.06. Data from 2014_04_03_15_-12_20.
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6.4 Fine tuning parameters to recover ideal Cz

It is possible to find parameters for 2y, (23, tgap, and A; which perfectly recover the ideal
C gate of equation (6.1). Assume (2; and (), are the same for both control and target atoms. If
¢rya = nm and ¢p = n'm where n is even and n’ is odd, or vice versa, then the equations in section

6.1.4 become

¢00 :2¢hf7
$o1 =¢nt + N,
(6.41)
¢10 :¢hf +nm + ¢gap>
¢11 :¢gap +nm+ n/7T-

Note that pryq — ¢ = 7 for any choice of parameters. Next it is possible to choose a time tgyp,

which makes ¢4, = 271" for any integer n”. Then the phases become

P00 =2¢nt,
Po1 =¢nt + T, 6.42)
$r0 =¢nt + T,
¢11 =T,
for n odd and n’ even and
P00 =2¢nt,
®o1 =nf,
$10 =¢nt,

¢11 =T,

(6.43)

for n even and n’ odd. The ¢y¢ phases can be corrected by applying global Z rotations with
6 = —one. Then up to an overall phase, the ideal C'y of equation (6.1) is recovered.

The questions is if we can find values for (21, €25, and t4,, which satisfy the above conditions
and exist within our reachable parameter space. At a fixed detuning €2; and (), are limited by
available laser power. A lower limit for Z,,, is set by the switching times of the scanners, around

500 ns. An upper limit is set by the fact that the traps are turned off during the gate sequence which
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can eventually lead to loss of ground state atoms due to their finite temperature. The condition,

¢ = n'm, can be rewritten as

rsign(A;) — h|A; |< el ST r? + ag,zz) =n'r, (6.44)
|deg] |dre]
where r = 8—; and we have used the fact that A" = —Joy|E[* and € = %. This equation

can be solved for  given A; and a chosen Rydberg level. Once r and thus all intensity parameters
are chosen, t4,;, 1s chosen such that ¢4,, = 27n. Solutions occur at

nm

tgap = = — i, (6.45)

(A "2 c) ( 92 C)

rlc glc

fort, = ﬁ

For example, starting with the parameters found in section 6.1.1, the single photon Rabi fre-
quency ratio is equal to » = 2.295 which is just 0.27% off from a solution to equation (6.44). If r
value is fine-tuned and then ?,,, = 423 ns the above conditions are met which recover the ideal C'z.
How accurately do we need to know these parameters and how sensitive are we to fluctuations? To
answer this, the overlap fidelity with an ideal Bell state, F' = |(Bigeat| Bstark)|* is calculated as the
parameters are varied from their optimum point. For example, Fig. 6.13 shows how the Bell state
fidelity changes as ?4,p, 1s changed. This parameter will not fluctuate in time but the accuracy to
which we can set it is around 50 ns, the rise/fall time of the switching AOMs. Fig. 6.14 plots the
Bell state fidelity, ' = |{Bigear| Bstark)|* as two parameters are varied. These plots demonstrate the
accuracy at which we need to be able to measure and set these parameters and what sort of fluctua-
tions we can withstand. Based on the measurements in section 6.1.1 and on our ability to stabilize
long term fluctuations using a DC noise eater device (see section A.2), we can place an upper limit
on the measurement accuracy and fluctuations around 2%. Based on the plots of Fig.6.14, 2% is

tolerable.

6.5 Two qubit gate limitations and future improvements

As mentioned throughout this chapter, the main factor limiting our CNOT and entanglement
fidelity is the apparent atom loss during the gate sequence. Specifically, the loss occurs on the

control atom after the sequence of Rydberg pulses. As opposed to the target atom which executes
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Figure 6.13: The Bell state fidelity, F' = |{Bigea| Bstark)|?, is plotted as a function of gap time,

tqap» Using parameters which were found to give an ideal C'; gate.
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Figure 6.14: The Bell state fidelity, F' = |{Bigeal| Bstark)|?, is plotted as a function of two different
parameters. The center point of each plot uses the parameters which were found to give an ideal

Cy gate.

a 27 Rydberg rotation in one pulse, the control atom has some gap time in between Rydberg 7
rotations where the excitation beam is switched off, moved to the target site, then moved back
to the control and switched back on for the final Rydberg 7 rotation. This gap time is equal to
~ 3 us which is must shorter than the lifetime of the Rydberg state. Fig. 6.15 shows a series

of experiments which demonstrate this loss on the control. State detection is turned off so both
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Figure 6.15: Some tests looking at the loss of the control atom after the Rydberg pulse sequence.
No state detection is done so both ground states are measured. Parameters used: {23 = 27 X
70 MHz, Q) = 27 x 31 MHz, and A, = —27 x 2.2 GHz, 8251/2. (a) To carefully tune in the
proper timings, the m-pulse time is scanned while looking at the atom retention on the control.
Here the target pulse is removed to minimize the gap time to 1 ps. The beams are still moved off
of the control site during this gap time. Data from 2014_11_11_12_45_44. (b) The retention on the
control after the full Rydberg pulse sequence with target pulse added making the gap time 3 us.
The same sequence is repeated six times. Data from 2014_11_11_13_25_33. (c) With the control
pulse set to the best 7 time found in (a), the gap time is varied to show the loss as a function of

time. Data from 2014_11_13_08_49_55.

|f = 3) and |f = 4) are measured. The cause of this loss is currently unknown. The large
differential shift between the ground and the Rydberg states could be a problem due to finite atom
temperatures, pointing stability issues, long term intensity drifts and the fact that our pulses are
not perfectly square. All of these issues coupled with a large differential Stark shift could cause
off-resonant rotations. One solution to this problem is to change the detuning, A;. By changing the
detuning to A; = 27 x 0.8 GHz by tuning the 918 nm laser over a cavity FSR, we can find some
values for (2; and (2, that are easily reachable within our parameter space that give fast two photon
Rabi frequencies and a very small ground-differential shift. For example, by halving the powers
in each of the 1038 nm and 459 nm beams, we can achieve an (2r of 750 kHz with a differential
Stark shift of 20 kHz. Note that at this detuning, the hyperfine structure of the intermediate level

must be included for all calculations. This approach is currently being explored.
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Other issues could be due to Rydberg interaction with stray electric fields. We are currently
working on upgrading our vacuum cell to include electrodes for the purpose of cancelling any stray

fields.

In addition, we will soon implement pulse shaping techniques to try and improve the two qubit

gate[79].
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Chapter 7

Future Outlook

In this thesis I have described how we have built an array of 49 single atom qubits and how we
have used this array to perform single qubit and two qubit operations. Currently we are limited by
our ability to do two qubit operations. Improving this is our most urgent short term goal. Despite
this shortcoming we still have an array of 49 qubits on which we can perform high fidelity single
qubit gates as well as two qubit entangling gates on nearest neighbors and beyond. Here I will

describe some of this interesting things we can do with such a system moving forward.

7.1 Beyond two qubits

Having a universal set of gates means that any operation can be broken down and implemented
by that set which in our case is composed of single qubit rotations and the CNOT gate. However,
this procedure is not always the most efficient way to do the operation. For example, the Toffoli
gate sometimes called the CoNOT gate inverts a target bit conditional on two control bits. The
Toffoli gate requires six CNOT gates if it is decomposed into CNOT gates and single qubit op-
erations [62]. A useful feature of Rydberg blockade interaction is that a single control atom can
simultaneously interact with many atoms that exist inside the “blockade radius”. This can be used
to implement more efficient C;NOT gates [80]. In the reference, the authors proposed two distinct
ways of implementing C;NOT gates taking advantage of this feature of the blockade radius. In
the sequentially addressed approach, which would be the most straight forward to implement in
our array, Rydberg m-pulses are applied to the control atoms individually in order 1 to k. This is
followed by a sequence of three m-pulses on the single target atom which swaps its state in the

absence of blockade. Then the control qubits are returned to their original state using a series of
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m-pulses in reverse order, & to 1. When in state |0) the first control qubit blocks the excitation of the
remaining control qubits and prevents the state swap on the target. This means the target will only
swap states if all control atoms are in the |1) state. This sequence is implemented in just 2k + 3
pulses. The other protocol calls for a simultaneous excitation of the controls into a non-interacting
Rydberg level |s), following by the swapping on the target via a different Rydberg level |r) that
is blockaded by any control that is in |s). Remarkably this procedure can be done with just five
m-pulses independent of k.

A similar pulse sequence was proposed in reference [81] as an efficient way to execute a Grover
search [82].

One can also imagine using a single control atom with k target atoms lying within the blockade

radius. This would create a so called CNOT* gate.

7.2 Dissipative entanglement

Recent proposals have suggested using long range Rydberg interactions together with dissi-
pation to create high fidelity entangled states [83, 84]. The authors in [83] describe an optical
pumping process with asymmetric Rydberg interactions where the dark state is the two atom Bell
singlet state. They found that using the dissipative approach it is possible to prepare the Bell state
with a fidelity greater than 0.998 using a Rydberg interaction 1500 times smaller than that needed
for the coherent Rydberg blockade gate. This means that entanglement can be created at much

larger distances and we can imagine entangling atoms across our array.

7.3 Quantum Error Correction

Quantum error correction (QEC) will most likely be a necessary tool of any implementation
of fault-tolerant quantum computation [62]. By encoding information of one logical qubit onto
many physical qubits certain errors can be detected and corrected without destroying the state thus
protecting the quantum information. With our array of 49 physical qubits it will be possible to
demonstrate operations on logical qubits. A three qubit error correcting code has been demon-

strated in NMR [85], ions [86, 87], and superconductors [88] but the three qubit code only corrects
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for phase flip (Z-gate) or bit flip (X-gate) errors and not both simultaneously. More recently, a 9
qubit code was used to protect against bit flip errors [89], which is a step towards implementation
of a surface code [90].

To protect against general one qubit errors a minimum of five qubits are needed [6]. The set of
logical Clifford gates cannot be realized transversally with the five qubit code and for this reason
many prefer the seven qubit Steane code [5].

To illustrate the power of error correction assume we have a system where each physical qubit
experiences either a phase flip (Z error) and/or a bit flip (X error) independently with probability,
p, per gate operation. Following the example presented in [91], assume we encode a logical qubit
using the Steane code and logical gate operations can be performed fault tolerantly. A cycle of
error correction is performed after every logical gate that will correct for a single error. If an error
is introduced during a logical gate operation it will not propagate through out the code and will be
corrected after an error correction cycle. With a single level of error correction, the error correction

will fail if two errors occur during a logical gate operation. This happens with a failure rate

pL = cp’, (7.1)

for a constant c. Next we can add a second level of error correction by concatenating the same
code. For example, if using the Steane code, seven physical qubits are encoded as one level-1
logical qubit. If we now take seven of these level-1 qubits! we can use them to encode a level-2

logical bit. Now the failure rate is equal to
i = (pL)" = . (72)

One can iterate this concatenation process indefinitely for g times. The level-g logical qubit will
be made up of 79 physical qubits and protect against 397‘1 individual errors. The failure rate for a

level-g encoded qubit is

(7.3)

LCoincidentally this becomes 49 physical qubits!



121

If p is small enough such that ¢cp < 1 the failure rate of a level-g encoded qubit can be made

arbitrarily small and thus the error threshold is born:

pn < 1/c. (7.4)

This means any arbitrarily large quantum circuit can be successfully implemented to arbitrary
accuracy once the physical error rate is below this threshold. We leave calculations of p;, to the
theorists but many estimates put it between 10~* and 107¢ [91]. These estimates depend heavily
upon architectural considerations, assumed error models, geometric constraints, and the QEC code
that is used.

This method of concatenation is straight forward in theory but in practice involves entangling
a huge number (79) of qubits and the predicted error thresholds are difficult to achieve. The active
field of QEC theory is constantly looking for new and better ways to protect qubits and increase
the error threshold. Topological quantum computing encodes quantum information in global prop-
erties of many-particle systems in a way that provides protection against local noise sources [92].
Topological quantum computing promises predicted error thresholds as high as 1%. Topological
color codes [93] are of particular interest as the logical Clifford gates are implemented transversally
within them. The smallest instances of a 2D topological color code involves seven qubits which
form a 2D triangular planar code structure of three plaquettes with one physical qubit placed at
each vertex of the plaquettes. Such a code was recently demonstrated experimentally using a sys-
tem of seven trapped ions [94]. Demonstration of a code such as this would be relatively straight

forward in our 2D qubit array.
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Appendix A: Laser Noise

Characterizing the noise of the lasers in our experiment is critical to understanding our error
sources so we can work to improve them. Fast fluctuations in the intensity leads to decoherence and

possibly heating of the atoms. Slow intensity drifts lead to systematic errors due to miscalibrations.

A.1 Fast Noise

Power fluctuations within a fixed geometry are characterized by the relative intensity noise
(RIN) value which is defined by

RIN = <<(§>I)2> =Y <<(i];)2>(@)—1. (A.1)

((6P)?) is the mean square fluctuation of the power per unit bandwidth. The RIN level can be

expressed in dB by using the definition
RINgg = 10log (RIN)(vHz)™". (A2)

The power fluctuations from a laser beam are measured on a photodetector which outputs a current,

J, proportional to the optical power such that we measure
RINJ@B =10 log (RINJ) ( V HZ)_I. (A3)

The ultimate goal is to reduce the RIN to the fundamental limiting level set by shot noise. For

a current .J the RMS shot noise current in a bandwidth A f is

G =\/2eJAf(A/VHz), (A4)
where e is the electronic charge. The RMS noise densities per v/Hz are
Orsn = V2eJ(A/VHz), (A.5)
and so the shot noise RIN is equal to

RINg, =4/ —. A.6
7 (A.6)
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Inserting the numerical values for e and converting to dB, the shot noise is expressed as
RINgyap = —77.5 — 51og (Jma ) (dB/VHz). (A7)

Reducing the noise down to the shot noise limit is technically challenging. What is a more realistic
goal? We can estimate the accuracy of a rotation due to a Rabi oscillation with a laser assuming a
certain RIN value. The Rabi pulse causes a rotation # = )yt where () is a constant and [ is the

laser intensity with a pulse time ¢. Adding in some laser power fluctuations, I = I + 0/, then
t
0 =0y + QO/ de'sI1(t'), (A.8)
0

for 8y = Qplot. The relative RMS error in the pulse area is

VI((60)%)  /{(90)?)

= , A9)
) o (
with
t t
(60)2 = 2 / dsI(t) / SHST(H"). (A.10)
0 0
The pulse area is sensitive to intensity noise with a bandwidth 1/t and
2
(©97) _ (RIN) N

6o N

(RIN) is the RIN level averaged over the bandwidth 1/¢. For example, if we want the relative RMS

error to be 0.1% then we would require

(RIN) = 0.001/%. (A.12)
Then taking ¢t = 1 us gives
(RIN) = 107%v/Hz, (A.13)

or -60 dB v/Hz at frequencies below 1 MHz. This roughly gives us a goal to shoot for.
To measure the laser RIN, a beam is aligned to a photodetector (PD)! that is 50 2 terminated.
The signal is sent through a DC block® to a dynamic signal analyzer® with an additional BNC T-

connector which is connected to a digital voltmeter used for measuring the DC value of the signal.

le.g. Thorlabs PDA100A, 0 gain
2Minicircuits BLK-89
3Stanford Research SRS785
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This set up allows for the signal analyzer’s sensitivity to be sufficient for measuring shot noise
levels. The shot noise limit at a given DC value can be measured by shining a flashlight directly
onto the PD, matching the DC value that is measured with the laser signal. Measurements on the
signal analyzer are made with the input scaling set to -50 dB V,, in power spectrum mode with
units of dBV s/ \/@ , taking 100 RMS averages. To convert the signal taken from the analyzer

into RINyg calculate
RINgg = 0.5 x dB(Vims/VHz) — 101og,,(Vac), (A.14)

where dB(Vims/v/Hz) is the measured signal and V. is the DC value taken from the digital volt-
meter. To calculate the shot noise given a V. measurement, the gain of the PD must be known.
For example, for the measurements below a Thorlabs PDA100A with a gain setting of 0 was used.
Consulting the PDA100A manual gives a gain, G = 750V/A, for a 50 2 terminated PD set to 0

gain. Then the shot noise is calculated as
RINg (Viae, G) = 10 x log;o(v/2¢/(Vac /G)). (A.15)

A.1.1 Rydberg A measurements

The Rydberg A laser is measured in various locations along the laser path in order to diagnose
the source of the noise. Referring to Figs. 5.3 and 5.5 the PD is placed right before the TA in order
to measure the master laser alone, right after the TA, and after the SHG cavity.

From Fig. A.l itis clear that the SHG adds the most noise. This could be mediated by better
lock electronics, better piezo drivers driving the piezo in the SHG cavity, or better fast intensity
noise stabilization. There is currently a noise eater system in place as shown in Fig. A.2. A separate
PD* sees a fraction of the SHG light which is picked off from the main beam path with a window.
The signal from this PD is sent to an analog noise eater electronics box which outputs a voltage
to a voltage controlled attenuator (VCA) depending on the signal. The VCA in turn modulates the
RF power that is sent to an AOM which modulates the diffraction efficiency of the AOM and thus
the intensity in the main beam. The data in Fig. A.1 is taken with this feedback loop on. Currently

the noise eater only works at low frequencies and only eats noise by a couple dB. Improving this

4Thorlabs PDA36A, gain 40
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Figure A.1: RIN for various locations in the Rydberg A laser. The master laser noise spectrum is
measured with a PD located before the TA. The DC value is 97.5 mV. The TA noise spectrum is
measured right after the TA and had a DC values of 327 mV. The SHG spectrum which is the final
light that is sent to the experiment was measured before the fiber with a DC value of 144 mV. Shot

noise RIN is calculated and plotted as the dashed lines for the respective signals.

noise eating system with a quieter PD as well as new and improved feedback electronics is an on

going process and will be essential to improving the experiment moving forward.

A.1.2 1038 nm Laser

Similar measurements are done for the 1038 nm laser as seen in Fig. A.3. The 1038 nm laser
is considerably quieter than the Rydberg A laser. A system identical as that of Fig. A.2 is used to

stabilize the 1038 nm noise.
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Figure A.2: Schematic for the electronic system used to stabilize fast intensity noise of the Rydberg

A laser. RF components are all from Mini-circuits.
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Figure A.3: RIN measurement for 1038 nm laser after the TA. Dashed line is the calculated shot
noise for the DC value 2.65 V, G =750 V/A.
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Figure A.4: (top) RIN measurement for each of the 780 nm trapping lasers with the dashed lines
representing the calculated shot noise for the DC value 0.615 V and 0.441 V, G =750 V/A. (bottom)
From the RIN, heating rates in the trap due to parametric heating at twice the trap frequency and
thus lifetimes can be calculated. Recall from Chapter 3 the measured trap frequencies of 9 kHz

and 45 kHz.

A.1.3 780 nm Trap Lasers

The 780 nm trapping lasers are also measured individually on a PD placed after the hexagonal
cell. The trapping lasers are less critical than the qubit control lasers but could still cause some
dephasing or heating. A simple calculation converts the intensity noise into a heating rate in the
trap due to parametric heating at twice the trap frequency[95]. The RIN along with the 1/e lifetime
due to trap heating are shown in Fig. A.4. Our measurements of the trap lifetime are less than 10 s.

Currently there is no intensity stabilization in place for the 780 nm systems.
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A.2 Slow Noise

Slow noise amounts to long term drifts of the laser intensity. This is often caused by po-
larization drifts due to either improper input polarization to the fiber or some stress (stretching,
heating) on the fiber. These polarization drifts translate into intensity drifts when there is a po-
larizer after the fiber. Because of the slow nature of the drifts, they manifest as systematic errors
in the experiment. For example, say the intensity of the Rydberg A laser drifts by a fraction, e,
such that Iy50 = Isq(1 + €). This will change the two photon Rabi frequency by an amount,
Qryd = QORyd\/m which will show up as a rotation error. In addition, the change in intensity
will also change the Stark shift by a factor of (1 + €) which introduces a detuning error.

One can alleviate such errors by recalibrating the experiment on the time scale of the drifts or
by employing composite pulse techniques described in Chapter 4. A better strategy is to minimize
the error at the source then use feedback stabilization techniques similar to those described in the
previous section but on a slower time scale. To do this a PD? is placed for each of the stabilized
laser beams on the back of a mirror that is as close to the Hex cell as possible. This bare PD
signal is sent to a DC noise eater (DCNE) electronics box®. At the end of every measurement in an
experiment cycle, the light is switched on for a few ms. The DCNE reads the signal from the PD
and outputs a voltage to a VCA which changes the RF power at an AOM with the goal of keeping
the input signal at some set point. Electronic schematics of the slow noise eating system can be
seen in Fig. A.S for the 459 nm system which is similar to the 1038 nm system.

Fig. A.6 shows measurements of the Rydberg A light over 1000 measurements which cor-
responds to about 15 minutes. Each measurement is integrated for 450 ps. This data looks at a
separate PD placed right after the fiber. The two data sets in this figure show before and after a
shorter fiber with a more direct path to the experiment was installed. More drifts were seen when
using a longer fiber. The longer fiber was taking a less direct path to the experiment which involved
going up by the ceiling next to the lights and air conditioning system. We believe temperature gra-
dients on the fiber might have caused polarization drifts. Switching to a shorter fiber that went

straight across the room at table height seems to have alleviated this issue.

>Thorlabs SM1 PD1B
SDetails of the design and operation of the DCNE can be found is the thesis of Alex Gill
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Figure A.5: Schematic for the electronic system used to stabilize slow intensity drifts of the Ryd-

berg A laser. See appendix A for measurements.
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Figure A.6: (top) Long term stability (~ 15 minutes) of Rydberg A laser looking right after the
fiber, before a shorter fiber was installed. (bottom) Long term stability of Rydberg A laser looking
right after the fiber after a shorter fiber was installed that had a more direct path to the experiment.
The slow noise feedback is not on for there measurements, they these measurements demonstrate

the type of drifts that need correcting.
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Appendix B: Alignment to the Hex Cell

Alignment to the Hexagonal cell through the JenOptik lenses is difficult. The JenOptik lenses
do not work well off-axis so the beams should be both centered and normal to the lenses which
should be centered and normal with the Hex cell. This is complicated by the fact that the Hex cell
is slightly tilted. This means all of the beams need to be slightly tilted as well. The following is an
alignment procedure for lenses to the Hex cell. It is probably not the most optimal but it has been
tested and it works. The 780 nm trap light is used as the primary light. All other light is aligned
to this. All light should be aligned to their respective optics and then well centered in the cage

leading up to the periscopes on either side.

1. Remove the broadband mirror on top of the periscope on the 459 side from its mount, allow-
ing the 780 beam to pass through the mount, hitting the paper target set up on the other side.

Move the paper target so that the beam is centered on it.
2. Remove both JenOptik lenses.

3. Place the one inch cage target so that is hanging on the top periscope mount on the 780 side.
The back reflection from the cell should be visible on the target (using an IR viewer or Sony

CCD). Use the top mirror to align the back reflection onto the incoming beam.

4. Use the hexagonal cell paper target to align the position of the beam, steering it to the center

of the hex cell using the bottom periscope mirror.

5. Iterate between steps 3 and 4 until the beam is both centered on the Hex cell and its back
reflection is aligned to itself. This should ensure the correct position and angle of the incom-
ing beam with respect to the cell. The beam should not be running parallel to the table as the

cell is tilted.

6. Reposition the target from step 1 so that it is centered on the beam. The lenses should not
changed the position of the beam when they are positioned properly. Make sure the target is

fixed and does not move for the remainder of the alignment.
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7. Add on first JenOptik lens on 780 side.

a) Eyeball its position in Z-the last surface of the lens should be 1.2 mm from the Hex

cell.

b) Use the target location to position the beam using the x and y actuators of the lens

mount. The beam will be extremely big at this point but the center should be clear.

c¢) Using a similar set up as step 3, align the back reflection to get the angle of the lens

right, using the angle actuators.

d) Iterate between b) and c) until angle and position are correct.

8. Add on second JenOptik on 459 side and repeat step 7 moving the second lens to get the

correct position and angle.

9. Replace the top periscope mirror and align periscope so that the 780 beam is centered in the
cage on the 459 side. The 780 trap array should image beautifully in the next imaging plane
which is after the 300 mm lens. Now all other beams can be aligned to the 780 nm light and

should be center and normal to the lenses and the cell.



