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Single trapped ion qubits are excellent candidates for quantum computation and information, and
they also possess the ability to coherently couple to single photons. Efficient fluorescence
collection is the most challenging part in remotely entangled ion qubit state generation. To
address this issue, | developed an ion trap combining a reflective parabolic surface with trap
electrodes. This parabolic trap design covers a solid angle of 27 steradians, and allows precise
ion placement at the focus of parabola. | measured 39% fluorescence collection efficiency from a
single ion with this mirror trap, and 10% single-mode optical fiber coupling efficiency out of the
total reflected fluorescence. A deformable mirror was used to reduce aberration to less than 2.8
times over the diffraction limit. By analyzing the ion behavior in this RF quadrupole trap, |

determined that the optical resolution is limited by ion micro-motion.



When trapping singly ionized barium, entanglement can be established between its
energy level and the polarization of fluorescence. This setup generates an entangled ion-photon
pair at 1 Hz with a mode-locked pulsed laser as the excitation source. Quantum correlation was
measured between the ion spin state and the photon polarization state, and found to be above the

50% classical limit and the 71% threshold required for a Bell’s inequality violation test.
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Chapter 1. BACKGROUND: QUANTUM COMPUTING AND BELL’S

INEQUALITY

1.1  QUANTUM MECHANICS & BELL’S INEQUALITY

Quantum mechanics is one of the most precisely tested, and yet most argued about theories in
physics history (1). One of its assumptions is entanglement between multiple physical states,
where each individual state is bound to other states. Another important assumption is
superposition, which means that the state of a physical system is undetermined, and can only be
described as a sum of many quantum states. This superposition state will randomly jump into one
of the probable state when somebody observes it. This counter-intuitive interpretation is clearly
expressed in the Schrodinger’s cat thought experiment: a cat, a radioactive atom, and a Geiger-
counter-controlled poison are all sealed together in a box. When the Geiger counter detects
radiations, it will release poison which Kills the cat. Quantum mechanically, the state of the cat
and the radioactive source is entangled, and the system state is a superposition between two

possible situations:
|Alive)cat|Wh0le)atom + IDead>cat|Decayed)atom1 (1-1)

and the time-dependent parameters are ignored here. At any given time, the cat is neither alive
nor dead but is in a mixed state between the two, which is against the objective reality
assumption in physics. It remains mixed until someone opens the box and makes an observation;
then the state will collapse randomly into one of the eigenstates instantly, and the cat and the
atom states are changed simultaneously. If we separate the cat and the atom apart first before our

measurement, this simultaneous behavior in quantum mechanics will violate locality assumption
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in Special Relativity of Albert Einstein (2). If quantum mechanics is correct, we must give up
either the idea of locality or the idea of reality, if not both. The most well-known protest against
quantum physics is the EPR paradox proposed by Einstein, Podolsky, and Rosen in 1935 (3).
Although quantum mechanics had been verified in various experiments with very high accuracy,
this counter-intuitive nature puzzled physicists for years. In 1964, John Bell finally proposed an
inequality with measurable correlation parameters, which tests this instant interaction at a
distance in quantum mechanics, namely quantum entanglement (4). The Bell’s inequality test is
very demanding in experiment design, because we are dealing with the idea of instant
interaction, which is beyond the speed of light. Until recently, the complete Bell’s inequality
violation test finally carried out and quantum mechanics is strictly proved to be correct, which

means that we are not living in a universe of both locality AND reality (5-7).

1.2 QUANTUM ALGORITHM & COMPUTATION

The very unusual nature of quantum mechanics has great potential to surpass their classical
counterpart in many applications, like quantum cryptography and quantum computation (8).
Quantum cryptography exploits the quantum phenomenon that measuring a physical state will
change it. For example, in quantum information application, any eavesdropping action in data
transfer can be detected at the cost of a fraction of data used as verification bits (9). It is due to
the no-cloning theorem, which provides “unconditional security” theoretically, such that if Alice
and Bob are sharing a quantum state, a third party Eve cannot intercept correct information in-

between without being noticed (10).
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Quantum computation utilizes superposition states, where the number of possible states
can increase exponentially with the number of objects. For example, a spin state of 10 electrons
system can be a superposition of 210 = 1024 different states, and it only takes several hundred
quantum particles to generate a system that has more possible states than the number of atom in
the whole universe. Several algorithms have been developed, and exploit this advantage to
perform some kind of calculation through the interaction of these states, which outperforms the
linear algorithms in classical computer on some applications, like factorization and database
search (11, 12). It is still unclear whether we should replace all routine tasks that already execute
perfectly in PC nowadays with quantum computer, but it is without the doubt that quantum
computer can be of great help in some specialized fields, like quantum simulation of chemistry
and cosmology (13). In the era that the famous Moore’s law is no longer valid due to the
difficulty of shrinking transistors further and further in nanometer scale, quantum computer is a
potential solution to increase processing power of a central processing unit (CPU) (14, 15).
Without a doubt, quantum computing research is getting more and more popular in recent
years, but it is also realistic to study the limitations of its capability. First, the logic behind
qguantum mechanics is very different from classical CPU. For example, AND, OR, NOT, and
NAND gates are the basic logic gates in a modern CPU core, while Hadamard, controlled NOT,
and rotation gates are considered as universal quantum gates in the qubits system (8). It may not
be in the best interest to transform every classical algorithm into quantum logic, but there are
some great examples proposed, like Shor’ factoring algorithm and Grover’s search algorithm (11,
12). Another common myth in quantum computing is its exponentially increasing processing
power, a.k.a. parallel calculation. People in computer science categorize a problem into different

groups by its complexity. The basic class is called the polynomial problem, which can be solved
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by a classical computer (a.k.a. deterministic Turing machine) in a polynomial number of steps
with best known algorithm (16). There is another class called the non-deterministic polynomial
problem, which a classical computer can verify a given answer in polynomial number of steps to
a question. There is the famous P=NP problem. Clearly, P problems are a subset of NP problems,
but the opposite is not considered true, i.e. factorization of a big integer. It is believed that a
quantum computer can only solve a fraction of NP problems efficiently in polynomial number of
steps, which is categorized as the bounded-error quantum polynomial time class (BQP). Their
relation is shown in Figure 1.1. Outside the NP problems is the PSPACE class, which is all

problems that can be solved with a polynomial amount of memory (17).

/ PSPACE\

NP

T e

)

Figure 1.1. The complexity of computational problems is categorized into different classes by

the number of steps required by a classical computer to solve it with best known algorithm.
PSPACE includes problems that require a polynomial amount of memory to solve, NP stands for
the non-deterministic polynomial problem, P stands for the polynomial problem, and BQP is the

problem class that quantum computer can solve in polynomial number of steps.



1.3 QUANTUM COMPUTER ARCHITECTURES

The reliable generation of entanglement is the first crucial step for the realization of quantum
computing and distant quantum communication. If the interaction between a quantum system
and the environment is strong enough to reveal the information about the state, it becomes a
measurement and changes the state randomly. Therefore, a quantum state is vulnerable to any
environment perturbation. The entanglement state generation, transportation, manipulation, and
detection are the basic operations in many quantum applications. Entanglement and the means
for communication have been demonstrated recently in quantum dots (18, 19), nitrogen vacancy
centers in diamond (20, 21), neutral atoms (22), atomic ensembles (23), superconducting qubits
(24), and trapped ions (25, 26). In order to realize a quantum computer, there are several

conditions called “DiVincenzo's criteria” that needs to be met (27):

=

Scalable quantum bit (qubit) system,
2. Initialization of qubit state,

3. Long coherence time,

4. Universal quantum gates, and

5. Qubit state measurement.

At the time of this thesis being written (Spring 2017), there are several candidate qubit
systems that compete with each other as a building block of a first quantum computer. To name a
few, there are superconducting qubits (28), trapped ions (29), silicon quantum dots (30),
topological qubits (31), and diamond vacancies (32). Each candidate has its own advantages and

disadvantages. Table 1 lists some promising candidates’ progress up to date.
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Table 1. Quantum computer progress chart of competing technologies developed in different

companies (33).

Qubit Qubits
Technol Pr n . Pur
echnology 08 Cons longevity | entangled ursued by
Fast operation Collapse fast,
rcon r le, IBM
Superconductors (ns scale) must keep cold 50 us 9 Google,
. Slow operation

Trapped ions Stablg, hlghest (us scale), need | Hours 14 ionQ

gate fidelity

many lasers

Silicon quantum Corr_lpatlble with | Only 2 qubits

semiconductor entangled, 30 ms 2 Intel
dots . .

industries must keep cold
Topological Not yet Microsoft,

. Low error rate . N/A N/A
qubits confirmed Bell Labs
. e Quantum
NV centers in Operate at room | Difficult to .
. 10s 6 Diamond

diamond temperature entangle

Technologies

We choose the trapped ion system which meets all the requirements and is a promising

candidate for quantum computer (34). In this thesis, the barium ion energy levels and photon

polarizations are chosen as quantum states carriers. There are several advantages of this setup.

First, the ion is trapped in free space in an ultra-high vacuum (UHV) system, which is well

isolated from the environment perturbations, and the ion’s energy levels are easily manipulated

by lasers. Secondly, the photon is the best flying qubit for distant quantum communication. The

ability to entangle and transport a photon allows us to construct a scalable network for quantum

computing. A programmable five-qubits quantum computer has been demonstrated with trapped

ions (29), and a Modular Universal Scalable lon-trap Quantum Computer (MUSIQC) scheme is
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proposed to realize a quantum computer as well (35). It utilizes the mobility of photon as a flying
qubit to communicate between individual blocks that contains tens of trapped ions, and performs
gate operation and information transmission. The main challenge in the ion-photon protocol is
that the collection efficiency of the photon emitted from the trapped ion is very low, which slows
down the entanglement generation and state readout efficiency. To address this problem, my
thesis is aimed at increasing the solid angle coverage of a single trapped ion with a novel trap

design.

NxN Optical Photon
Switch Detector

Trapped Ion Registers

Figure 1.2. Modular Universal Scalable lon-trap Quantum Computer proposal diagram (35).
lons are trapped in UHV systems and manipulated with lasers. Photons carry quantum

information and cross-connect the ion qubits through optical fiber.

In this thesis, | report on a novel ion trap design which increases photon collection
efficiency by 4 folds compared to traditional optical lens approaching. It can reliably generate
ion-photon entanglement pair through optical fiber coupling, and their quantum correlation
fidelity is determined above the classical limit and Bell’s inequality test threshold. This system is
well suited for quantum computation and communication propose, because the barium ion we

use has energy spectrum of relatively long wavelength, making it suitable for long range fiber
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optic transmission. With two identical setups, we can generate remote ion-ion entangled state
through photon detection, and | also propose a Bell’s inequality violation experiment, which is

described at the end of the thesis.



Chapter 2. ATOMIC PHYSICS: BARIUM ION TRAPPING AND

MANIPULATION

2.1 BARIUM ISOTOPES, IONIZATION, AND ENERGY STATES

The element I use in my experiment is barium, which is an alkaline earth metal. When it is singly
ionized, its electronic configuration becomes hydrogen-like, which is simple and easily
manipulated with lasers. There are many barium isotopes in nature, and Table 2 shows their
relative abundance and some physical properties. We choose barium 138 because it is the most

abundant isotope and has no nuclear spin, which simplifies the energy level diagram.

Table 2. Barium isotopes whose natural abundances are above 1%

Barium | Nature Atomic | Nuclear
isotope | abundance | mass (u) | spin (%)
Ba | 2.4% 1339 |0

“Ba | 6.6% 1349 |32
Ba | 7.9% 1359 |0

“'Ba | 11.2% 1369 |32
¥Ba | 71.7% 1379 |0

In order to trap barium ions, we need to spread barium atoms in space and ionize them.
To begin with, a barium chunk is placed in a ceramic tube surrounded by tungsten wire loops,

and heated by running high current through the wire. Barium atoms will evaporate toward the
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center of the trap, where the ionization lasers are pointing. They are first excited from 6S, state
to 6P, state by the 791 nm laser, and then ionized by the 337 nm laser. This two-stage excitation
allows us to selectively ionize a single isotope by tuning the 791 nm laser frequency, which is
shown in Figure 2.1. These two ionization laser beams are oriented at 90° to the barium atomic

beam to reduce frequency shift due to the Doppler effect.

0.10

0.08

0.06

0.04

Loading Rate (ions/s)

0.02

i i I | ‘ 1 1 1 -
-150 -100 -50 0 50 100 150
Detuning from **Ba Transition {MHz)

0.00

Figure 2.1. The loading rate of different barium isotopes vs. the 791 nm laser frequency
detuning (36). The ***Ba data is scaled by 1/10.

Figure 2.2 shows the basic barium ion levels used in this thesis: 6Sy, is the ground state,
6P1, and 6P3, are the two excited states of lifetime around 10 ns, 5Ds, is the long-lived
metastable state involved in Doppler cooling cycle, and 5Ds, is another long-lived metastable

state, which the electron can be shelved into for qubit state readout.
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— 6P3/2
455nm
614nm — 6P1/2
650nm
5Ds/2
1762nm 5Ds/2
493nm
6S1/2

Figure 2.2. 13883 jon energy levels used in this thesis. 6P3, and 6Py, are of lifetime around
10 ns, and 5Dsj, and 5D3), are of lifetime over one minute due to the selection rule of angular
momentum. In my experiment, | use the 650 nm and 493 nm transitions for Doppler cooling, 455
nm for entangled state initialization, and 1762/614 nm for qubit state detection/deshelving.

2.2 |ON TRAPPING

In order to use the barium ion as a qubit, we need to stabilize it in space, which requires a
trapping potential in the form of ® « 2. In classical electrodynamics, the sum of the second
derivatives of the electric potential in three dimensions is zero in free space, which means that a
charged particle cannot be confined by statics electric fields in all three directions

simultaneously:

9%2v  9%v = 9%v
P + 377 + Pyri 0. (2.2)

Instead, we can create a pseudo potential by a dynamic electric field. In Figure 2.3, if we
apply an oscillating voltage at radio frequency (RF) to the center ring electrode, the charged

particle near the trap center will be driven back and forth in axial and radial directions
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alternatively without escaping. Such a device is called the Paul Trap, one of the two ion trapping

mechanisms that won the Physics Nobel Prize in 1989 (37).

—

AZ

Figure 2.3. Classic Paul trap design consists of two grounded hyperbolic end-cap electrodes

and a ring electrode connected to a RF oscillating signal.

As shown in Figure 2.3, a classic Paul trap consists of two grounded hyperbolic end-cap
electrodes and one ring electrode oscillating at high RF potential. According to the Gauss law,

the potential near the center of the trap can be written as
® = (U + V cos wt) (x% + y% — 22?), (2.3)

where U and V are the potential constants and w is the RF frequency. Solving this equation in x

axis first, we have

d?x v
F=m—=—e——=—2ex(U +V cos wt), (2.4)

which is in the form of the Mathieu equation, where m and e are the mass and charge of the

charged particle (38). The behavior of equation of motion in x direction depends on two
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dimensionless parameters, which are a, = 8eU/mR3w? and q,, = —4eV /mR3w?, where R, is
the perpendicular distance of RF electrode to the trapping center in x direction. When

(laxl, q2) « 1, there is a steady state solution, which is

x(t) = cos(w,t +¢) (1 + qz—xcos wt), (2.5)
where w, = +/a, + q2/2w/2 is called the secular frequency that corresponds to the pseudo
potential in x direction (39). The typical one dimension trajectory as a function of time is shown
in Figure 2.4. We can see that, along with the dominant oscillating motion at the secular
frequency, there is a fast motion at the RF frequency, which is called the micro-motion. This is
due to the RF oscillating fields which drive the charged particle when it is away from the center
of pseudo potential. The amplitude of micro-motion in a typical Paul trap condition is usually an

order of magnitude smaller than the amplitude of the secular frequency, and both can be reduced

by laser cooling.

o 10}
O
S
3 os}
S
<
E A U WY S
2 1 2
N
[o]
-0.5
S
2
-1.0}

Time (us)

Figure 2.4. Trapped ion trajectory simulation in one dimension. The secular frequency is
slower with larger amplitude, and the micro-motion frequency is faster with smaller amplitude.

These parameters are set as a = 0.01, g = 0.2, and w = 12 MHz.
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2.3 DoOPPLER COOLING

When the ion is first trapped, its kinetic energy may be as high as several hundred kelvin
depending on the trapping potential, and will increase with time due to environment
perturbations. In order to reliably observe and study the trapped ion, we need to constantly
reduce its kinetic energy and minimize its position uncertainty. The Doppler cooling is the
standard laser technique for this purpose (40). In quantum mechanics, atoms or ions only absorb
photons at certain frequencies, which correspond to quantized electron energy levels. Due to the
Doppler effect, when an ion moves toward a photon, the photon frequency is higher in the ion’s
reference frame than in the laboratory’s frame. If we lower the laser frequency (red detune) from
the ion’s absorption spectrum, the ion is more likely to absorb photons that counter propagate
toward it rather than those who travel in the same direction. Assuming an ion is moving with
velocity v, its resonant absorption frequency is w, and the laser frequency is w,, the photon

scattering rate can be derived as:

r 0?/2
Rs. = (2.6)

T 262402/24T2/4’
where I' = 1/7 is the natural linewidth (one over lifetime), Q = e(0|F-ET)|1)/h is the Rabi
frequency determined by electric dipole moment and the laser strength, and § = w — wy + kv is
the photon frequency shift from resonance. Each photon has a momentum of Ak, where k is the
wave number, and the scattering force F,. = hkR,.. We can calculate the net force by summing

F;. of photons traveling in both directions:
Fret = Fye(w — wg — kv) + Fo(w — wg + kv). (2.7)

At low ion velocity limit where kv « T, we will have
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Fret = 22 kv = 16hk2v$, 2.8)
and we can define the laser cooling power as dE./dt = vF,., = —av?, where a =
—16hk%63T /(T2 + 46%)? is the damping coefficient and § < 0 for red detuning of laser
frequency.

In addition to the cooling power of Doppler effect, each spontaneous emission photon
will kick the ion in random direction. These recoils heat the ion and the heating power is
calculated by random walk analysis. Assuming v = 0 at t = 0, in momentum space, we have the
mean square momentum equal to squared momentum times the number of steps, which leads to
@ = v2R,t/3 along any axis of Cartesian coordination at any given time. The heating power

is thus MdvZ,, ,/2dt = 4Mv?R./3, where M is the mass of atom. Equating the cooling and

heating power, we obtain the kinetic energy at equilibrium in a given axis as Mv2 = hI'/4,
which is known as the Doppler cooling limit. In our system setup, we use the 6P/, level as the
Doppler cooling state, and the temperature we can achieve is about 2 mK (I' ® 125 MHz and
M = 138 amu). This temperature is more than an order of magnitude higher than the ground

state energy in our RF pseudo potential.

2.4 RABI OSCILLATION

In this section, | want to discuss the population transfer in a two-state system using the semi-
classical approach, because it is related to the ion state shelving and readout purposes in my
experiment. Assuming we have a system with non-degenerate energy states |0) and |1), whose
energy is E, and E; respectively, its general wave function in Heisenberg picture can be written

as a superposition state (41)
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[Y(©) = co()e o H|0) + ¢y (D)e~Frt/R|1), (2.9)

where ¢ ; (t) are the square root of probability amplitudes of finding the system in states |0) and
|1) at time t respectively, and |co|? + |c,|? = 1. If we apply a potential V(t) < H,, we can adapt

the time-dependent perturbation theory which leads to

. [Co] _ Voo Vore 110t reg
w2 =1, ke ], (2.10)
1 Vige Vi1 1

where w,o, = (E; — E;)/h. For an oscillating potential like electromagnetic wave, Voo = Vi1 =
0 and Vo, = V;, = ye'®t, where y is a strength constant and o is the potential oscillating
frequency. Assuming the wave function starts off with state |0), meaning that c,(0) = 1 and
c1(0) = 0, we can solve the two coupled differential equations in Eg. 2.10 and obtain the

solution as:

e (O = gsin? () and [eo (DI = 1= ey @)1, 2.11)
where W? = Q% + (w — wy0)?. Equation 2.11 is the probability of two states as functions of
time when the oscillating potential is applied, provided that the life time of both states are much
longer than 1/Q, so no spontaneous decay is occurred. Probability of finding the system in state
|1) is oscillating with the amplitude related to the detuning between external potential frequency
o and resonant frequency w;o. When  is at the resonant frequency, the population inversion

occurs and |c,(t)|?> = 1 att = m/Q, which is called the = pulse. The ion’s wave function will
oscillate as a function of sinz(%). Figure 2.5 shows the maximum probability of finding the ion

in state |1) at different frequency detuning. This phenomenon can be observed when the

linewidth of both states are much longer than the Rabi frequency.
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Figure 2.5. Maximum |c,|? amplitude as the function of frequency detuning (Aw = w —
w1p)- The population inversion between two states can be achieved when the applied field is at

resonant frequency.

2.5 BARIUM COOLING, STATE INITIALIZATION, ROTATION, AND READOUT

At the end of this chapter, | would like to introduce some common technigues which manipulate
barium ion. First, the basic barium ion cooling cycle consists of 6Py, 5D, and 6Sy, states in
Figure 2.2. The branching ratio of 5D3/, and 6Sy,, from 6P/, decay paths is roughly 1:3 (42). The
Doppler cooling is performed by shining the 493 nm and 650 nm laser beams onto the trapped
ion. By applying some external magnetic field, the Zeeman effect shifts electron energy levels by
different spin orientations and the magnetic field strength, as shown in Figure 2.6. The
polarization of the emitted photon between different transitions is determined by angular
momentum conservation of the quantization axis, which is defined by the external magnetic field

direction. The n polarized photon carries no angular momentum, while o* (¢7) polarized
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photon carries angular momentum of +1 (-1) along the principle axis. In order to drive all
possible transitions in the cooling cycle, the 493 nm laser cannot be only of % or o~
polarizations, and the 650 nm laser should include both * and o~ polarizations, which are
defined by the direction of magnetic field. The spontaneous decay is a random process by
quantum mechanics, which generates quantum entanglement between ion and photon. In this
thesis, | use the 6S;/, ground state splitting levels as qubit states |0) and |1), which are entangled

to the photon polarization states.
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Figure 2.6. Basic barium ion cooling cycle and the energy splitting when an external
magnetic field is applied. The selection rules demand that angular momentum changes in dipole

transition can only be £1 or 0, which is represented by different colors.

We can initialize the ion into a specific qubit state, either |0) or |1), by exploiting these
selection rules. If we drive all 6S;, and 5P3j, transitions in Figure 2.6 but one, the ion will
eventually fall into the ground state of that transition after enough cycling. For example, when

the 493 nm laser is of o* (¢7) polarization only, and the 650 nm laser is of both ¢ and o~
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polarizations, the ion will end up with the spin up (down) state of 6S;,, with unity probability.
This technique is called the optical pumping, and is often used in atomic systems for state
initialization. The fidelity of state initialization is determined by the number of transition cycles
and the laser polarization accuracy.

Next ion state operation is ion qubit rotation, which is a Rabi oscillation application. To
test Bell’s inequality violation, we need to measure the ion state in different bases. This is done
by performing ion qubit state rotation followed by a qubit state readout operation. We can use
Rabi oscillation between the two ion qubit states by applying oscillating electromagnetic field
from outside the vacuum chamber. For example, the ion state can be rotated by 90° with a m/2
pulse at resonant frequency. In order to generate a strong RF electromagnetic field at ~10 MHz,
which is the typical ion qubit states splitting, one can use a wire coil with a few tens of turns and
an amplified sinusoidal signal as input. The power of RF radiation is maximized by matching the
impedances of wire coil and the signal amplifier. A common practice of matching an arbitrary
impedance in a given signal frequency requires two variable capacitors, one connected in parallel
and one connected in series, as shown in Figure 2.7 (43). One can use the Smith chart, or
calculate analytically to obtain the approximate values of the two capacitors. In our case, the
signal amplifier has an input impedance Z;,, = 50 ohm. Assuming the wire loop has impedance

of jwL + r, where w is the signal frequency, and L and r are the characteristic parameters of the

coil, the values of the two matching capacitors can be approximated as C; ~ /7/Z;,/w?L and

C, ~(1—+r/Zip)/w?L.
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Figure 2.7. A simple impedance matching circuit with two variable capacitors, C; and C..
The blue component is our RF electricmagnetic field generating coil. Input is connected to a

singal amplifier, whose Z;,, = 50 ohm.
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Figure 2.8. Barium ion qubit state rotation and state readout scheme. (a) Qubit states can be
rotated by the means of Rabi oscillation. With 1 Gauss external magnetic field, the resonant
frequency of splitted ground states is about 7 MHz. (b) By appling a & pulse of the 1762 nm
laser, the ion in a particular ground state is shelved into the long-live 5Dsy, state. State readout is
achieved with following cooling cycle and fluorescence detection with a PMT.
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The final operation is the qubit state readout. By applying external magnetic field around

1 Gauss, the Rabi frequency of qubit states |0) and |1) is about 7 MHz. In order to read the ion
qubit state, we shelve one of the states to 5Dz, with the 1762 nm laser, followed by regular
cooling cycle. The separation of absorption lines of two qubit states to 5Dsy, transitions is larger
than our 1762 nm fiber laser’s bandwidth, so we can shelve a particular ion qubit state by setting
the 1762 nm laser to the resonant frequency. Because 5Dsy, state has lifetime around 30 seconds,
the qubit being shelved is removed from the cooling cycle, thus we call it the “dark state”. If the
ion is in the other qubit state, it is not shelved and will go through cooling cycle with the 493 nm
and 650 nm lasers, and we call it the “bright state”. The state rotation and readout diagrams are
shown in Figure 2.8. In our system, 95% state transfer from 6S;, to 5Ds;, with a 7 pulse is
achieved. Figure 2.9 shows the histogram of PMT photon counts of 50 ms windows of dark and

bright state events. The 37 counts can be used as the threshold to distinguish them.
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Figure 2.9. Histogram of PMT photon counts of several thousand dark and bright state
events. The left peak corresponds to the dark state and the right peak to the bright state. By
placing threshold of 37 photon counts, the singal to noise ratio is good enough to distinghish

these two states.
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Chapter 3. BELL’S INEQUALITY AND ION-PHOTON

ENTANGLEMENT

3.1 BELL’S INEQUALITY & CSHS EQUATION

Entanglement is one of the most counter-intuitive ideas in quantum mechanics. If two or more
particles are entangled, their individual states are bounded to each other (think of Schrodinger’s
cat) until an observation is made. Every entangled particle state is changed simultaneously by a
single measurement. In the above statement, quantum mechanics challenges two casual concepts
at once: reality and locality. Reality means that the physical state of anything is objective and
exists at all time, regardless at whether people are watching it or not. Locality means that nothing
including information can transmit faster than the speed of light, which is also known as
casualty. These two ideas are hard to dispose at, and physicists have debated it for decades,
because people didn’t know how to test them. Einstein, Podolsky, and Rosen called quantum
mechanics an incomplete theory because its probability nature fails to explain any measurement
result (3). It wasn’t until 1964 that John Bell proposed an inequality with a measureable quantity,
which holds true in all local and realistic theories but is violated in quantum mechanics, which is
non-local and/or non-realistic (4). In 1969, a modified version of the Bell’s inequality, called the
CHSH inequality was derived with correlation parameters, which is more accessible and has
been implemented in various experiments (44). | am going to discuss its detail below.

To begin with, I use an entangled spin state of two electrons as an example:

1Y) = Nl 22 = Wa1lM22)/V2. (3.12)
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In this quantum state, each electron has its own spin of /2 while the total spin is zero, and their z
components are opposite to each other in this superposition state. Assuming | separate them apart
but keep the entanglement, | can measure their spin states individually by setting two separate
Stern-Gerlach experiments (45). | am free to choose the basis for every measurement, described
by angles 6, and 6,, and the result is assigned as |1) for spin up and |0) for spin down along the
measurement direction | use. | can define the correlation parameters as a function of spin

measurement results between two electrons:

P(ell 92) = fll(eli 92) + fOO(el' 92) - flO(el' 92) - f01(91: 92) (313)
f10(64, 8,) is the probability of the events which electron 1 is spin up and electron 2 is spin
down, where 6; and 6, are the angle of the spin measurement for electron 1 and 2, and vice
versa. P(6,,0,) can be regarded as correlated probability minus anti-correlated probability. In
classical physics, the spins of both electrons are independent from each other. Therefore, the

correlation parameters can be written as
P(a,b) = [ A(a, )B(b, 1)p()dA, (3.14)

where A(a, A) is the expectation value of electron 1 spin measurement, B (b, 1) is the expectation
value of electron 2 spin measurement, 4 is any hidden variable that may exists, and p(4) is the
population distribution such that [ p(1) = 1. The following equation derivation is based on John
Bell’s 1987 publication (46):

P(a,b) — P(a,b") = [[A(a, ))B(b,2) — A(a, )B(b', N)]p(L)dA, (3.15)
then taking the absolute value on both sides and applying the triangle inequality, we get

|P(a,b) — P(a,b")| <
|[ A(a,)B(b,)[1+ A(a’,)B(b’,)]p(A)dA| +
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|f A(a,)B(b', D)1 £ A(a’,2)B(b, D)]p(A)dAl. (3.16)

Because the values inside the brackets are non-negative, the right-hand-side becomes

|P(a,b) — P(a,b")| <2 + U A, DB, D)p(A)dA + f A(d', )B(b, D)p(A)dA

=2+ [P(a',b") + P(a',b)]. (3.17)
Applying the triangle inequality again, we can obtain
|S| = |P(a,b) — P(a,b") + P(a',b') + P(a’,b)| < 2, (3.18)

which is the CHSH inequality, and the upper limit of the quantity |S| is 2 in classic physics. In
guantum mechanics, taking the two electron spin system for example, the spin correlation
function P(a, b) of two electrons in Eqg. 3.12 state measured at angle a and b is — cos(a — b).
Then the CHSH inequality becomes:

S =|—cos(a—b) + cos(a —b") —cos(a’ — b') — cos(a’ — b)]|, (3.19)
for the entangled state in Eq. 3.12. Assuming | choose an orthogonal basis (a,a’) = (0,7 /2) for
electron 1 spin measurement, it can be seen that the strongest violation of CHSH inequality
happens when electron 2 spin is measured at (b,b") = (/4,31 /4) basis, for which § =
24/2~2.83 (44).

Since Bell’s inequality has been published, there are many experiments trying to test it
(47-49). Until recently, all Bell’s inequality tests are subjected to at least one of two main
loopholes, which are locality loophole and detection loophole (5). Locality loophole means that
the detection events between entangled pair should be made in a space-like interval, such that no
information is allowed to transform between them by Special Relativity. Detection loophole, or

so-called the fair-sampling loophole, requires that the detection efficiency must be larger than

2/(V2 + 1) ~ 83%, such that the inequality is still violated even if all non-detected events are
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anti-correlated (50). To overcome the locality loophole, we need to separate two entangled
objects far enough while keeping the entanglement. Most locality loophole-free experiments use
photon to fulfill the requirement, but single photon detection efficiency in modern device is
much less than 83%, which subjects to the detection loophole. As the result, closing both

loopholes puzzles physicists for many years.

3.2 |ON-PHOTON ENTANGLEMENT METHODS

We choose ion-photon system for our quantum entanglement experiments because of ion’s
stability and photon’s mobility (51, 52). Photon is popular for its variety of qubit types and
corresponding entanglement protocols, such as polarization (53), frequency (54), and time-bin
protocols (55, 56). | am going to briefly discuss these in a trapped ion system, and move to my

research design, which uses photon polarization and ion energy level as qubit states.

1. Frequency Qubit

Photon frequency is a constant when being transmitted in different media, thus it is not
subjected to most environment perturbations. A general photon frequency qubit in an ion-photon
system utilities two ground states and two excited states of ion energy levels shown in Figure
3.1a. Assuming we initialize the ion in a superposition (c;|{) — c,|T)) in the ground state, we
can use a laser pulse to drive a single transition of different resonant frequencies, provided that
the laser’s bandwidth is broad enough to cover both transitions. If, by selection rules, the only
transitions allowed are of different resonant frequencies, then the ion will decay back with its

state entangled to the photon frequency:
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[Y) = c1|[1)|b) — cz|TH|r), (3.20)
where |b) and |r) are denoted to blue and red photon states, respectively. In order to resolve the

frequency qubit, their frequency shift should be larger than their transition linewidths.
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Figure 3.1. Different entanglement schemes for ion-photon system. The solid arrows
represent laser excitation pulses, and the dashed lines represent photon emissions. (a) Frequency
qubit: quantum information is stored in different frequencies due to ground and excited states
splitting. (b) Time-bin qubit: the information is stored in the time frame when a photon is
generated. (c) Polarization qubit: the information is stored in the angular momentum of the

photon.

2. Time-bin Qubit

In additional to photon’s physical quantity, we can use the timing information when a
photon is generated as the qubit carrier. Starting with an ion in a superposition state of Eq. 3.12,
we only need one excited state and two ground states, provided that only |T) < |e) transition is

allowed by selection rules. In such a case, shown in Figure 3.1b, we apply a single laser pulse to
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drive this transition, followed by the ground state m rotation operation, then send another

excitation laser pulse. The resulting ion-photon state will be:

[¥) = c1lV)t2) — c2|D)ta), (3.21)
and |t;) and |t,) are the timestamps when the photon is generated. These photon states can be

resolved by Michelson interferometer setup with controllable optical path length.

3. Polarization Qubit

Due to angular momentum conservation, different transitions in atoms radiate photons of
different polarizations. As shown in Figure 3.1c, the ion energy level can be entangled to photon
polarization with a single laser excitation pulse, where an initial superposition ion state is not

necessary. The resulting entangled state will look like:

[¥) = c1|IV) — c2|T)[H), (3.22)
where |V) and |H) are designated for vertical and horizontal polarization states. In order to
extract the quantum information, the orthogonal polarization states are required. | used
polarization qubit as my ion-photon entanglement protocol, because it is easier to realize in

singly ionized barium’s energy levels.
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Chapter 4. EXPERIMENT I: NOVEL ION TRAP

4.1 PARABOLIC MIRROR TRAP

The original radiofrequency quadrupole ion trap designed by Wolfgang Paul is formed by one
ring and two end-cap electrodes of hyperbolic shape, as illustrated in Figure 4.1 (37). Since its
invention, there are various ion trap designs, including the most popular linear trap (57), fiber tip
stylus trap (58), cavity trap (59), and the semiconductor chip trap (60). In our group, we
developed the concept, and implemented the reflective surface trap (61). Its basic structure is
derived from the original Paul trap. The Paul trap can be simplified to a ring plus two needles.
The ring electrode can be further deformed into a rotationally symmetric optical surface with a
hole at the center for one of the needles to pass through. If we keep one needle electrode, the
strong field around its tip will define the trapping position. The other needle can be replaced by a
ring to provide more optical access. lons can be trapped on the axis of symmetry and moved
following the translational movement of needle electrode. The trapping potential in the center is
almost independent of the optical surface shape, which makes this design universal for different

reflector profiles.
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—_>

Figure 4.1. Paul trap morphing into a reflective surface trap. Blue electrodes are grounded
and red electrode is at an RF potential, which reflects the ion fluorescence. The top needle
electrode is replaced by a ring for optical access. The pseudo potential stays in the quadrupole

form around the center of trap.

To improve optical performance of our previous spherical mirror trap (61), | built a trap
with optical reflective surface in parabolic shape. By trapping an ion in the focus of parabola, it
is designed to cover a half of the full 4z solid angle surrounding the ion, and collimate the
reflected photons, which can transport quantum information in free space or through an optical
fiber. Compared to the stylus trap combined with a high numerical aperture parabolic mirror (62),
our design offers simplicity and robustness of construction and operation. The design of the
parabolic mirror trap is shown in Figure 4.2. The mirror has a focal length of 2 mm, opening of
10.2 mm, and depth of 3.2 mm. It has four rectangular slots for laser access. There is a 1.5 mm
central through-hole for the needle electrode. The mirror was machined by single point diamond
turning technique by Nu-Tek Precision Optical Corporation, while other parts (including the
needle) were machined by the University of Washington Physics Instrument Shop. The needle is
attached to a UHV linear actuator to allow axial alignment while in vacuum. Its tip sharpness,
which is 6° in our design, determines the depth of pseudo potential and the trapping position of
the ion (61). The mirror is connected to a high voltage RF potential which, together with the

grounded top cross plate and the needle, form the ion trap potential. There are four symmetric
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stainless steel plates just above the mirror, which are connected to DC bias voltages to allow
radial adjustment of ion position. Taking into account the four slots and the hole in the vertex,

this mirror covers a solid angle of 2x steradians. The assembled trap is shown in Figure 4.3.

Slots for laser access Grounded electrode -
. /
DC bias plates

Insulation ring

/

Sink for insulation ring

Ceramic
needle guide

(a)

Figure 4.2. Mirror (a) and trap assembly (b) design in SolidWorks. The mirror was machined
by the single point diamond turning technique, while other parts (including the needle) were
machined by UW Physics Instrument Shop. The parabolic mirror covers a solid angle of 2x
steradians when the ion is trapped at its focus.
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Figure 4.3. (a) Assembled parabolic mirror trap placed within a vacuum chamber prior to
installing the main viewport. (b) The mirror is in the center, partially obscured in the photo by
the ground plate. There are two barium ovens with collimation pin holes in horizontal direction.
(c) Complete UHV chamber system diagram. There are ion pump, titanium sublimation pump,

trapping chamber view port, and ion gauge.
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4.2 EQUIPMENT SETUP

We use a 4-1/2” spherical octagon chamber from Kimball Physics to house the trap. Two barium
ovens made of ceramic tube are placed horizontally and face toward the trapping center. Two
horizontal through holes in the octagon are used for electrical feedthroughs which provide RF
trapping potential, four DC bias voltages, and oven heating current. The other six through holes
are dedicated to the viewports for lasers access. The simplified diagram of this setup is show in
Figure 4.4. Each laser is shuttered by an acousto-optic modulator (AOM) with tens of

nanoseconds accuracy.
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Figure 4.4. The 4-1/2” octagon chamber with 7 different laser access. The 791/337 nm lasers
are for ionization, oriented perpendicular to the atomic barium beam directions. The 493/650 nm
cooling lasers are delivered in the same optical fiber. The 1762/614 nm lasers are for
shelving/deshelving purposes. The 455 nm laser is the mode-locked pulsed laser used for

entangled state generation.

We performed a pseudo potential analysis of the parabolic trap using finite element
method analysis, and the result is shown in Figure 4.5. The origin of the coordinate system is
located at the vertex of the parabola. Confinement in the axial direction is tighter than that in the
radial direction, and the trapping depth is approximately 0.06 eV for the RF amplitude of 600 VV
at 12 MHz. Figure 4.6 is the simulation of distance between ion and needle tip of various needle
tip positions along the axis. The ions are trapped about 0.7 mm above the needle tip, and this

distance has little dependence on the RF power and the needle’s position along the axis. The
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trapping potential in the center is almost independent of the optical surface shape, which makes
this design universal for different reflector profiles (61). The parabolic mirror has a focus at 2
mm, so when the needle tip is placed ~1.3 mm above the vertex of parabola, the ion will be

trapped at the focal point.
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Figure 4.5. Pseudo potential trapping depth simulation. The origin is located at the vertex of
the parabola, with z axis being the axial coordinate and r as the radial. The radial confinement is

weaker due to the relatively wide opening of the parabola.
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Figure 4.6. The simulation of the distance between the needle tip and the trapped ion at
various needle positions. Needle tip position is measured from the vertex of the parabola. Note

that the ion to needle tip distance remains relatively constant.

4.3 PERFORMANCE

When we load barium by heating the ceramic tube oven, its evaporation direction is pointing just
above the mirror opening, which prevents barium deposition onto the mirror surface. The
consequence of this is that the initial trapping position has to be about 2 mm higher than the
focus of parabolic mirror. Thus, during the trapping process ions are imaged by a two-stage
microscope objective setup instead of the parabolic mirror. After a single ion is trapped, the ion
is moved axially using the linear actuator to place it near the focus, then the DC bias voltages are
tuned on the four plate electrodes to place ion precisely at the focus of parabola (Figure 4.7).
Figure 4.8 shows a series of ion images as its position approaches to the focus of the parabolic

mirror.
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Figure 4.7. (a) A two-stage setup schematic for initial ion trapping. lon fluorescence is
focused by an objective onto the camera. (b) After trapping, the ion is moved to the focus of the
parabolic mirror, and then its fluorescence focused by the parabolic mirror followed by a long

= . .
(b) (c)

Figure 4.8. A series of single ion images as the ion is moved to the focus of the parabola. The

focal length lens.

(a)

aberration is drastically reduced from (a) as it is moved closer to the focal point of parabola (b
and c). The pattern in (a) and (b) comes from the four slots of the parabolic mirror. The

magnification of images is 500x.
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To measure the photon collection efficiency of the mirror, | used a single photon
counting technique which utilities three energy states of barium ion (61). Figure 4.9 shows the
time sequence of this process. The 6P/, excited state has a lifetime of about 8 ns, while the 5Dy,
long-live state has a lifetime of about 82 seconds, and the 6S;, is the ground state. By switching
between the 493 nm and 650 nm laser excitations, | can generate a single 493 nm photon on
demand with essentially 100% reliability. The single photons at 650 nm are strongly attenuated

by the 495 nm line filter and result in a negligible background signal.

Ba® Levels

6P12 —
Excited State

5Ds/2 493nm
Meta Stable /
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Figure 4.9. Single photon generation pattern. The solid lines represent laser excitation and the
dash lines represent spontaneous emissions. The 493 nm laser is turned on for 500 ns to optically
pumping the ion into the 5D3, state with essentially 100% efficiency. The 493 nm laser is then
switched off, and the 650 nm laser is switched on for 1000 ns which generates one and only one
493 nm photon, which is detected by a PMT. The PMT detection is gated to further reduce the

background.

This pattern can be repeated 1 million times in less than a minute, and we measured

47,675 single photon events per 1 million cycles, i.e. approximately 5% overall detection
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efficiency of single photon events. This is uncorrected for the PMT quantum efficiency, and the
loss in reflection and transmission. To account for these and other factors in order to determine
the photon collection efficiency of the mirror, | measured the dependence of the single photon
count rate on the solid angle of collection. | placed a calibrated iris in front of an objective lens
(10x Mitutoyo Plan Apo Infinity Corrected) to control the aperture size, and directly (i.e. without
using the mirror) focused the ion fluorescence onto a PMT. | used the slope of this calibration
curve shown in Figure 4.10 to interpolate the photon collection efficiency of our mirror to be
about 39% of the total 4n solid angle surrounding the ion. This is a significant improvement over
our reflective spherical trap which collects 25% (61) and custom-made commercial large NA

objective of 10% efficiency (63).
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Figure 4.10. PMT counts in 1 million cycles for various solid angles set by the calibrated,
adjustable aperture. Red line is the linear fit to the data. Error bars are statistical (standard

deviation).
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The main hoped-for improvement, when compared to our previous spherical mirror
design, is the image quality. To examine the imaging quality of our parabolic mirror, | used a
spherical lens of 100 cm focal length to focus the collimated fluorescence from a single trapped
ion placed in the focus of the mirror (Figure 4.7b). The ion image spot size | measured is 1065
um (defined as 1/e? of peak intensity). Dividing it by the system total magnification of 500, I got
2.1 um as our optical resolution of a single ion. Comparing to the diffraction-limited Airy disc
diameter (1.22 x A/NA), which is ~0.61 pm for our geometry at 493 nm, | determined that the
mirror performance is about 3.4 times worse than the diffraction limit. This was a somewhat

disappointing result at first, and | decided to try to understand the reasons.

4.4  DEFORMABLE MIRROR CORRECTION

The ion image spot size is vulnerable to ion defocusing and micro-motion, as well as
imperfection of parabolic mirror shape. First, | performed ray tracing simulation of point spread
function size as a function of defocusing of ion position. The result is shown in Figure 4.11. The
accuracy of ion positioning in our experiment is better than 2 um with the actuator and the bias

voltages control. Thus, defocus cannot explain the observed large ion image size.
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Figure 4.11. Point spread function diameters calculated by ray tracing simulation without
diffraction. The spot size stays within diffraction limit (~0.61 um) when the ion is out of focus

by up to 2 pm axially and 1.5 um radially.

Our next suspect is the imperfection of the parabolic mirror shape. The parabolic mirror
is hard to manufacture to precise optical specifications, and measuring its accuracy is not easy as
well. Therefore, | adapted a deformable mirror and try to correct the manufacturing imperfection.
The deformable mirror | used is a Thorlabs model DMP40. It has 40 independent segments
within 11.5 mm pupil diameter, which are arranged as 3 concentric rings and is ideal for my

purpose.
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Figure 4.12. Thorlabs DMP40 deformable mirror diagram. Each segment is a piezoelectric
disk under a bendable reflective surface, which is controlled by individual voltages to correct

wave front aberrations.

The imaging optimization is to minimize the ion spot size in real time. With the
deformable mirror placed between the parabolic mirror and EMCCD camera, | focused the ion
image 400 mm away from the deformable mirror, such that the total system magnification is
200x. The Thorlabs deformable mirror uses Zernike polynomials to compensate one kind of
aberration at a time. The Zernike polynomials are orthogonal polynomials in a unit circle, which
simplify the correction process without recursively altering individual segment. Figure 4.13
shows the aberrations that correspond to the first 5 Zernike polynomials (64), while Table 3

tabulates these polynomials.
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Figure 4.13. The aberration patterns that correspond to first five Zernike polynomials. These

functions are widely used in adaptive optics.

Table 3. The list of first five Zernike Polynomials expressions.

2rs

in6 2rc

0s 0

V6r2sin26

V3(2r2 —1)

V612 cos 20

\/8r3sin 36

V8(3r3 — 2r) sin@

V8(3r3 — 2r) cos 8

\/8r3 cos 360

V10r*sin4 6

V10(4r* — 3r2)sin 20

V5(6r* — 612 + 1)

V10(4r* — 3r2) cos 26

V107% cos 46

The ion image size reduced to about 1.7 um after optimizing 12 Zernike polynomials

parameters for smallest ion spot size. Comparing to the diffraction-limited diameter of 0.61 um,

the overall performance is still about 2.8 times over the diffraction limit. | thus conclude that the
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image size is not mostly limited by the mirror geometry. The single ion images with and without
the deformable mirror (scaled to the same magnification) are shown in Figure 4.14. In Figure
4.15 | fitted both ion spot images with the Gaussian function. The scale is chosen to make areas
under two curves the same, which corresponds to the same photon collection efficiency. The blue
curve is a fit to ion image without the deformable mirror, and the red curve is with the

deformable mirror correction. The red curve is clearly sharper with smaller width.
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EMCCD pixel 159

number 100,

0
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(a)

Figure 4.14. lon intensity distributions. (a) is the original image and (b) is the corrected
image after deformable mirror optimization. These images are scaled to account for different
magnifications, and the ion spot size is improved from 3.4 to 2.8 times over diffraction limit.
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Figure 4.15. Gaussian function fits of two ion intensity distributions. The blue curve is
before-deformable-mirror fit and the red curve is after-deformable-mirror fit. The Gaussian

width of blue curve is about 1.35 bigger than the width of red curve.

Our ion image spot size is still far from the diffraction limit, and it turns out that it can be
explained by analyzing the ion micro-motion in our trap. The ion’s motion in one dimension can
be approximated as:

x(t) = [xo + x; cos(wt)][1 + Lcos(Qb)], (4.23)
where x, is the ion’s static displacement from the trap center due to the external electric field, x;
is the ion oscillation amplitude in pseudo potential well,  is the secular frequency (w = 2m X
0.3 MHz in our trap in radial direction), g is the dimensionless coefficient related to RF field and
trap dimension (g = 0.1 in our case), and Q is the RF driving frequency (Q = 2r X 12 MHz)
(57). There are two components in Eq. 4.24, the slow secular motion with the frequency w of the
pseudo potential well, and the fast driven motion with frequency Q of the applied RF field,

called the micro-motion. When | placed the ion in the focus of the parabola radially through
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varying DC voltages, it is displaced from the center of the RF pseudo potential, leading to excess
micro-motion. The displacement is measured to be about 40 um, which results a micro-motion
amplitude of x, X g/2 =2 um. The secular frequency oscillation amplitude for a Doppler
cooling Barium ion (m = 137.9 amu) is x; = \/Ay/mw? = 0.3 pm, where y = 27 x 10 MHz
is the natural linewidth of the 6P/, level. The ion trajectory simulation graph is shown in Figure

4.16.
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Figure 4.16. The simulation curve of 1D micro-motion when the ion is out of pseudo
potential center by 40 um. Its amplitude is about ten times that of the secular oscillation
amplitude.

In our setup, x; is smaller than diffraction limit (0.61 um), but x, is quite large, and thus
limits the optical resolution. Because micro-motion is due to the non-zero RF driving electric
fields when ion is out of trapping center, its amplitude cannot be reduced by Doppler cooling as

the secular motion amplitude. This expected x, is consistent with the 1.7 um spot size | have
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measured, which means that the observed ion image spot size is predominantly due to the micro-
motion oscillation. It should be pointed out that the micro-motion in our case is not one
dimensional. Our DC bias electrodes are four plates which individually cover nearly 1/4 of arc
around the mirror opening. This setup creates asymmetrical equipotential lines when we apply
DC voltages to more than one electrode. The resulting trajectory of ion micro-motion depends on
the DC electric potential geometric profile. In a much simplified case, the ion’s trajectory in
radial plane can be approximated as a portion of hyperbola curve (65). As shown in Figure 4.17,
there is a phase shift of ion motion between the x and y axis due to an asymmetrical local DC
potential. Also, since our bias voltage plates are not placed in the same plane of ion radially, the
bias voltage also drives ion in the axial direction. In our trap geometry, the axial direction force
is about 1/2 of radial direction, and g, = q,, which results 1 um micro-motion amplitude along z
direction. We cannot observe the axial movement directly, but it contributes to ion image as

defocusing effect | described in Chapter 4.4.
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Figure 4.17. 2D simulation of radial micro-motion with some approximations. (a) Blue and
red curves are projections on two orthogonal axes. | assume elliptical static equipotential lines
from DC bias voltages, which is due to the asymmetry to the pseudo-potential in radial direction.
This asymmetric potential changes micro-motion direction by 1°, which corresponds to sin 1° =

0.02 amplitude changes. (b) The ion trajectory in the x-y plane.
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This interpretation was further confirmed by performing measurements of the ion image
spot size with different NA of the mirror, by placing calibrated, adjustable iris after the parabolic
mirror reflection. | observed that the ion image spot size did not change noticeably with reduced
NA, meaning that my optical resolution is not limited by diffraction or the mirror shape
imperfections.

In summary, | built a reflective parabolic mirror trap covering 50% of solid angle
surrounding an ion trapped at the focus of parabola. The measured photon collection efficiency is
39% by single photon counting experiment. | adapted a deformable mirror with 40 independent
segments to optimize my ion imaging quality, and found that the spot size of about 2.8 times
over diffraction limit is due to the ion’s micro-motion. Based on these results, we can improve
the next generation of integrated parabolic mirror trap, which includes two in-vacuum
piezoelectric actuators to move the needle electrode radially and place the ion in the focus of the
parabola. By changing the needle position rather than horizontal bias voltages, we can keep the
ion at the center of the RF pseudopotential, thus minimizing the ion micro-motion, so the
imaging quality can be improved. The fabrication and testing of this next generation trap is

already underway.
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Chapter 5. EXPERIMENT II: ION-PHOTON ENTANGLEMENT

5.1 SINGLE PULSE EXCITATION

After characterizing the parabolic mirror trap, | tested its performance of entanglement
generation. In this experiment, | use the polarization protocol to generate the ion-photon
entanglement because it is easier to implement in barium ion energy levels, and choose the 455
nm pulse laser rather than the 493 nm continuous-wave laser that was used in our previous
experiment (53). This is because the lifetime of the 6P3, state is about 8 ns, and | need a shorter
excitation laser pulse in order to avoid multiple excitations in a single run. In our previous
experiment, the excitation rate of our 493 nm laser was only ~20% with a 20 ns exposure time at
maximum power, which was unsatisfying (53). The multiple excitations lowered the fidelity of
entanglement measurement. When the fidelity is below a certain threshold, we cannot observe
any quantum phenomena and end up with classical result. To overcome this problem, | adapted
the Ti-Sapphire laser, which is a tunable mode-locked pulsed laser. It can output relatively short
width pulses of about 2 picoseconds with a repetition rate of 76 MHz. The Ti-Sapphire laser
generates the 910 nm pulse train, and a small portion of laser is redirected to a high speed
photodiode. The photodiode signals trigger the pulse generator, which outputs synchronized TTL
signals. By controlling the trigger delay and width, we can selectively pick a single pulse with
the help of the Pockel cell. The setup diagram is shown in Figure 5.1. | used an AOM to increase

the extinction ratio to over 10,000:1, and a polarizer to generate 7 polarized laser pulse.
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Figure 5.1. The setup for the 455 nm laser single pulse picking. We use a mode-locked Ti-
Sapphire laser to generate pulses of about 2 picosecond width with 76 MHz repetition rate. The
fast photodiode signals trigger the pulse generator, which generates synchronized TTL signals
for Pockel cell driver. The 910 nm laser pulse becomes 455 nm after passing the frequency
doubling crystal. An AOM is used to further increase the laser extinction ratio to over 10,000:1,

followed by a polarizer which changes the laser to  polarized.

The next task is to measure the excitation rate of a single pulse. In Figure 5.2, there are
three possible decay paths for the 6P3/, state, which are to the 5Ds,, 5D, and 6Sy, states, and
their respective branching fractions are 21%, 3%, and 76% (66). | utilized the fact that the 5Ds/,
state is isolated from the 493 nm and 650 nm laser cooling cycle, making it a “dark state”. After
shining a single 455 nm pulse at a time, [ measured a barium ion’s fluorescence by turning on the
cooling lasers, and repeated this process one million times to calculate the probability of dark
state occurrence. This measurement is faster than single photon counting method if the expected
excitation rate is far from 100%. The measured single pulse excitation rate fluctuated between
10% ~ 40%. This large uncertainty is due to the fluctuation of the 455 nm laser pointing, which
is about submillimeter scale and visible to the naked eye. The average excitation rate in my

measurement is about 20%. This number is the same as when using a 20 ns 493 nm laser



52
exposure before, but it is guaranteed that now a single excitation is produced, which is crucial for

the entanglement experiment.
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Figure 5.2. Singly ionized barium energy levels. The 6P3, and 6Py, state have lifetime about
6 ns and 8 ns, while the 5Ds» and 5D5)» states have lifetime around 30 and 80 seconds. When the

493 nm and 650 nm cooling lasers are turned on, the 5Ds, state becomes the dark state.

Besides the state excitation, | also need to measure the ion qubit state. The state readout
utilities the 5Dz, level as a long-live state (t = 30 seconds) as described in Chapter 2.5. When
the ion ends up in the 5Ds, state, the fluorescence from the ion cooling cycle disappears. A 1762
nm fiber laser can drive transition from 6S/, to this state. The fiber laser has a narrow linewidth
of serval hundred hertz, which allows selective excitation for one of two splitting ground states.
If we vary the exposure time of the 1762 nm fiber laser to the barium ion, we will drive Rabi
oscillation between 6S;/, and 5Ds/, states. To find the resonant 1762 nm laser frequency and the
n pulse width, | first optically pumped the ion to a single qubit state by changing the cooling 493
nm laser to ot polarization. The resonant 1762 nm laser frequency is found by scanning its

frequency to search for highest ion shelving probability. After the resonant frequency is found, |
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incrementally increased the 1762 nm laser exposure time, followed by the ion state readout. The
Figure 5.3 shows the experimental result of ion state measurement with various 1762 nm laser
exposure times. The y axis is the probability of finding the ion in the “dark state” during the
normal cooling cycle. The Rabi frequency Q is about 2 X 120 kHz and a & time is about 8 ps.
Thus, by turning on the 1762 nm laser for 8 ps, followed by the Doppler cooling lasers, | can
measure (readout) the ion qubit state from the fluorescence detection. The resulting curve is the
shelving probability fitted to sinusoidal Rabi oscillation curve with small decay due to the ion

temperature and laser noise, and it is of 95% 7 pulse shelving efficiency.

1.0- T T T T

:'é\ 0.8: \ ‘

-g -

-Q 06'

o : ‘ \

b

Q. L

> 04f ] 1

s |

2 d

< o2

v [ |
0.0.l..nl..-.l-..-l.n.-l..n.l

0 10 20 30 40 50

1.76 um laser exposure time (us)

Figure 5.3. The probability that the ion is “dark” for different widths of 1762 nm laser pulse,
which drives the Rabi oscillation between 6Sy/, and 5Ds), states. The ion flops back and forth as
pulse duration increases. The maximum excitation probability is about 95%, which is limited by

optical pumping efficiency, laser noise, and state decoherence with time.
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5.2 POLARIZATION QUBIT

In Chapter 3.1, | showed that the maximum CHSH inequality violation occurs when the spin of
electron 1 is measured at (0,7/2) basis and the spin of electron 2 is measured at (r/4,3m/4)
basis. To find its corresponding ion-photon counterpart, let us review the barium ion energy

levels and their photon emission polarizations:
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Figure 5.4. Different photon polarizations of various dipole transitions in barium ion. When
Am = %1, photon is emitted with angular momentum x1 to the quantization axis, which is

circular o* transition. When Am = 0, photon is emitted as linearly polarized x transition.

Only the energy levels relevant to our entanglement experiment are shown in Figure 5.4.
There are three possible photon polarizations for the dipole transitions, and their respective

radiation distribution patterns are shown in Figure 5.5.
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Figure 5.5. Radiation distribution patterns of dipole transitions. For = transition, it is
equivalent to the dipole radiation of the electron moving along the z axis. For o transition, it is
equivalent to the dipole radiation of the electron circulating in the x-y plane. The quantization

axis is along the z axis.

Because the solid angle covered by my parabolic mirror is 39%, the method used in our
previous paper cannot be applied, which utilizes the fact that m and o% transitions are
orthogonally linearly polarized on the x-y horizontal plane when viewed at 90° to the
quantization axis (53). Due to mode mismatching, = polarized radiation cannot be coupled into a
single mode fiber collinear with the quantization axis (as z axis shown in Figure 5.5) (67).
Therefore, the photon polarizations after fiber coupling are o* radiations only, which become
linearly polarized and perpendicular to each other after passing a quarter-wave plate (QWP). The
entanglement between the ion and photon is generated by shining a © polarized 455 nm laser
pulse to drive the ion to two 6P3, states with equal probability. While the ion decays, = polarized

photon will be attenuated by single mode fiber coupling, and the ion will be entangled as

|l/)) = (lo)ion|0-+)pho - |1>i01’l|0-—>ph0)/\/§’ (5-24)
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after single mode fiber coupling. The polarization of o* radiation is not uniformly distributed as
circularly polarized in space. As azimuthal angle increases, it is getting more and more elliptical

and becomes linearly polarized on the horizontal plane, as shown in Figure 5.6.
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Figure 5.6 The reflected radiation polarization profile of o transitions. It is only perfectly
circular along the quantization axis, and becomes more and more elliptical as azimuthal angle
increases. The dark blue arrows show photon traveling directions, and light blue arrows show the

polarization patterns at different place.

Luckily, a single mode fiber is capable of reshaping the ¢ * radiation pattern into a right-
handed/left-handed circularly polarized photon. When the fiber is aligned to the radiation’s
quantitation axis, the elliptical fields in the opposite directions will destructively interfere, like in
the n radiation case during mode-matching process, which results in pure circularly polarized
light out of the optical fiber (67). In order to measure the photon polarization state evolution

through fiber coupling, | need to investigate the birefringence effect of the single mode optical
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fiber. With Jones matrix model, we can represent photon’s polarization state as a 1x2 complex
vector, and polarization-changing facilities, i.e. wave plates, as 2x2 complex matrices (68). Table
4 shows some example matrices of basic polarization-changing components, which are similar to

1/2 spin matrices in quantum mechanics.

Table 4. Jones matrices used in some basic linear polarization transformations.

Photon polarized in 1 0 1

0° (x) / 90° (y) / 45° [o] [1] [1]/ V2
Linear polarizer at 1 0 0 0 1 11
0°/90°/ 45° [0 O] [0 1 1 1]/
QWP with fast axis at 1 0 1 0 1 i
0°/90°/ 45° [0 i] [O —i [i 1]/\/E
HWP with fast axis at 1 0 ] [1 0 ] 0 1
0°/90°/ 45° 0 -1 0 -1 1 0

Assuming | have a o™ photon, it becomes right-handed circularly polarized after coupling
into the single mode fiber, and can be expressed as [1,i]/v/2 regardless of the axis | choose.
After passing through an optical fiber, the birefringence will introduce a phase shift 6 along a
certain axis, and the photon polarization becomes [1, ie'®]/+/2 along that axis. If | place a QWP
with  fast axis at 45° to this axis, the photon polarization becomes
[1—cos@ —isin@,—sinf +i+icosf]/2 =[1,1]/4/2 in Jones calculus notation, which is
linearly polarized. When a ¢~ photon is transmitted in the same optical fiber, its polarization will
become [1, —1]/+/2, which is also linearly polarized and perpendicular to o* after passing the

optical fiber and QWP. If | keep the optical fiber from any physical perturbation, the
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birefringence stays constant. | can use a QWP to change o* photons into perpendicular linear
polarization bases and a polarization beam splitter (PBS) for the orthogonal measurements. |
have coupled the right and left handed circularly polarized laser beams into a single mode fiber,
and verified this result.

As the photon is measured linearly polarized at angle & (which is calibrated to spin up
state by wave plates such that & = 0 corresponds to the ion qubit state |1)), the ion will collapse
into (cos @ |1) + e~ sin 6 |0)) quantum state. Here, J is the relative phase due to the energy
splitting of states and the time elapsed between photon emission and state readout measurement.
Because | did not perform the qubit state rotation, ¢ is a constant which does not change the

result of the ion state readout.

5.3 ENTANGLEMENT GENERATION SETUP

For the polarization qubit generation and measurement, it is important to align the external
magnetic field direction to our parabolic mirror’s optical axis. It is not only initializing the ion
qubit state more accurately, but also providing the symmetric solid angle coverage for the
polarization measurement. In order to align the magnetic field direction at the ion trapping
position, | place three wire loops along the x, y, and z axis as shown in Figure 5.7. Each wire
loops is connected to a DC power supply, and | can adjust the magnetic fields in all three
dimensions by turning their currents. The alignment is done with the help of selection rules of
dipole transitions again. In the cooling cycle shown in Figure 2.6, when the 650 nm laser is of o*
or o~ only, the ion will eventually become dark because some transitions is not driven in the

cooling cycle. This selective driving laser can only point along the optical axis, because we
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cannot distinguish o* and o~ transitions when the laser is perpendicular to the quantization axis.
| use the 650 nm laser rather than the 493 nm to avoid the strong reflection. The top and the side
coils both have 10 loops, while the coil along the optical axis has about 150 loops. After shining
the ot 650 nm laser along the optical axis, | tuned the currents running in each coils. When the
photon count of the PMT is minimized, that means the ion is in the m = 1/2 or m = 2/3 states
of 5D3, level, and the magnetic field is aligned to the a* 650 nm laser along the optical axis.

The resulting photon counts ratio between o* and evenly distributed polarized laser is about

100:2.
- — 493 nm
B generating
coils =
ot 650nm
l 493 nm
m line filter
‘ D PMT
w Beam
splitter

Figure 5.7. External magnetic field alignment setup of three wire loops. The driving ot 650
nm laser is pointing along the symmetric optical axis of parabolic mirror. I tuned the currents of

three magnetic field generating coils to minimize the photon counts on the PMT.

After the alignment of quantization axis, we can correctly measure the polarization of
photon. The entanglement setup is illustrated in Figure 5.8. The orthogonal bases for photon

polarization measurement are realized by placing a QWP and a half-wave plate (HWP) after the
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optical fiber. The QWP changes two circularly polarized photons into perpendicularly linearly
polarized photons, and the HWP rotates the linearly polarized photons to any angle. To change e
measurement basis for photon polarization, the HWP is rotated instead of PBS for easy

adjustment. The photon polarization is detected by two PMTs placed at both outputs of the PBS.

455 nm
Parabolic !aser pulse
Mirror 'L 455 nm
Opftical Filter PBS
; Fiber
Fiber I
€> Coupler I . E .D PMTI1
owpP HWP O PMT?2

Figure 5.8. Optical setup for ion-photon entanglement measurement. QWP angle is calibrated
and fixed. | rotated HWP to different angles in order to change the photon detection basis. A data

point is registered only when one of PMT detects a photon.

The 455 nm photon radiated from the trapped ion is collimated and fiber coupled through

an off-axis parabolic reflective fiber coupler from Thorlabs, whose clear aperture is 11 mm.
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Figure 5.9. Off-axis reflective parabolic fiber coupler. It is not sensitive to wavelength and is

designed for coupling a collimated beam.

The complete entanglement generation and measurement process contains following

steps, which is illustrated in Figure 5.10:

1. Cooling (10 ps) — including the 493 nm and 650 nm lasers

2. Single photon generation (20 us) — as described in Chapter 4.3, which generates equal
distribution superposition ion qubit state, the initial state for entanglement generation

3. Excitation — 455 nm single pulse excitation with the mode-locked laser, preventing
multiple excitations with a 20% excitation rate

4. Spontaneous emission — 3/4 branching ratio for 6P3, — 6Sy/, transition, which generates a
single 455 nm photon in an entangled state with the ion (66)

5. Photon detection (100 ns) — photon will be detected by two PMTs after two PBS outputs;
proceeds steps 6 and 7 if a photon is detected, otherwise jumps to step 8

6. lon qubit state readout (50 ms) —a 1762 nm =« pulse followed by the 493 nm and 650 nm

lasers cooling and fluorescence detection
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7. Record — each data point contains three parameters: HWP angle, PMT number that
detected a photon, and the ion qubit state readout result.

8. Deshelving — the 614 nm laser drives the ion out of 5Ds,, state, which the ion could fall into

during 455 nm excitation or state readout steps

Single Excitation Qubit
\  Photon | & Photon | State 1 Ton
Cooling | Generation | Detection | Readout | Deshelving
: | | :
493nm | : i |
| \ . |
] T
] ]
650nm : :
] ]
1 I ] 1 1 1
1 I ] 1 1 1
455nm L L :
i I i H | I
1 I ] 1
1762nm | : : :
1 I 1 1 1 1
A
614nm | | i i |
1 1 1 1 ]
1 | 1 1 ] 1
i ]
i ]
PMT ! |
] T
M [l [l )
Time 10us 10us 10us 0.1us 8us 50ms 10us

Figure 5.10. Lasers and PMT sequencing diagram of entanglement experiment. It begins with
cooling and single photon generation steps to initialize the ion to the evenly distributed qubit
states. Then single pulse of the 455 nm mode-locked laser is triggered, and PMT detecting
windows is of 0.1 pus. Only when PMT detects a photon, the qubit state readout is executed. The
last step is the deshelving the ion from the 5Ds, state, which is the long-lived state in 455 nm
excitation or state readout cycle.

The whole process is programed in the LabVIEW software, which controls the National

Instrument data acquisition card with 10 MHz onboard clock, and the shortest time step in Figure
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5.10is 0.1 ps. The uncertainty of the 455 nm laser pulse arrival time is within 13 ns, which is the
separation between two pulses. The entanglement detection rate is about 1 Hz at present in our

setup.

5.4 ENTANGLEMENT MEASUREMENT

Combing all the techniques I mentioned above, | performed the entanglement measurement
between single ion and single photon. The data I collected includes three pieces of information:
HWP angle, PMT number, and ion qubit state readout results. In Figure 5.11, the x axis is the
photon polarization angle detected by PMT, which is derived from the HWP angle for intuitive

understanding, while the y axis is the conditional probability of ion qubit state readout.
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Figure 5.11 lon-photon entanglement measurement result. When HWP angle is rotated from
0° to 40°, the PMT 1 detection basis is changing from 0° to 80° and the PMT 2 is changing from

90°to 170°, because they are place at different outputs of PBS. The error bars are statistical.

At each HWP angle, a single measurement data consists of 200 photon detection events
combing from both PMTSs, and statistical error bars are derived from 3 data sets. | then calculated
the percentage of bright/dark states when PMT 1 registered a photon, and did the same for PMT
2. This gives me the oscillating conditional probability as the qubit states rotate with the photon
polarization detected. The polarization of PMT 1 and PMT 2 measurements are orthogonal, so
they are shifted by 90° in Figure 5.11. | changed the measurement basis of photon polarization in
10 degree increments. This calibrates the wave-plates readings and gives me a clear picture of
correlation curve. The red and orange curves are fitted with sin? 6 and cos? 8 of detection

probability. | calculated the contrast of my correlation measurement as
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|Poright — Paark|/|Porignt + Paark| = 0.76(0.03), which is above the classical limit of 50% and
the 71% threshold of Bell’s inequality violation test (44). The number is lower than our previous
measurement using lens to directly focus the ion fluorescence without optical fiber, which is
84% (53). Comparing these two experiment setups, the decrease of fidelity may be due to the
optical fiber birefringence changes from environment thermal/mechanical perturbations. Another
factor is the polarization inhomogeneity from mirror reflection. Theoretically, the o* dipole
radiations will result in a circularly polarized light after mode-matching photon into a single
mode optical fiber. Realistically, my mirror has four apertures for laser access, and this radial
asymmetry leads to inhomogeneity mode-matching condition of o* radiation reflection. This
results non-ideal right-handed/left-handed circularly polarized photons after fiber coupling,
which are not perfectly orthogonal to each other. The other factors causing the fidelity loss
include the state readout inaccuracy, wave plate imperfection, and the PMT background counts.
The Rabi oscillation of 1762 nm shelving is not ideal, which only reaches 95% accuracy. The
polarizer, QWP, HWP, and PBS also contribute 4% polarization imperfection in state

initialization and detection. The PMT background noise gives fake signals, which is about 2%.
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Chapter 6. OUTLOOK: BELL’S INEQUALITY VIOLATION TEST

6.1 ION-ION ENTANGLEMENT

One of our objectives is to close the locality loophole and the detection loophole in the same
experiment, which needs a system capable of generating remote entanglement, and high
detection efficiency. The state-of-art high numerical aperture lens setup only collects up to 10%
of total 4x solid angle, which generates remote ion-ion entanglement at 4 Hz in one meter
distance (63). The result from my experiment shows that the photon collection efficiency of
trapped ion is improved with the parabolic mirror trap by four folds, and the entanglement
between the trapped ion and its photon is verified. With this setup, | can generate entangled state
between an ion and a photon through optical fiber coupling, and this distance is limited only by
optical fiber length. If we could wire an optical fiber between our laboratory in Physics building
and one in the Center for Experimental Nuclear Physics and Astrophysics (CENPA), which is
roughly 1 km away, we would have about 3 ps window for qubit state detection to close the
locality loophole. The detection loophole can be closed by establishing the ion-ion entanglement
through photon interaction (69). The idea is to generate two ion-photon entangled pairs at two
distant locations, and entangle these two photons through a partial Bell state measurement, for
example using a non-polarizing beam splitter. When a certain condition is met (which I will
discuss below), these two ions will be entangled in a particular state. The advantage of this
protocol is the entanglement is transferred from photons to ions, which have detection efficiency

near unity. The drawback is the low entanglement generation rate between two photons, which is
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greatly improved in my parabolic mirror trap. There are experiments with similar idea which

generate entangled ion-ion state in shorter distance about 1 meter distance (63).

Burke Museum of o
Natural Hestory...

Center for Experimental
" Nuclear Physics...

513

Denny Yard
]

1509 LION Ao

Parrington Lawn

University of -~
pshington: Visitors

Grieg Garden
Meany Hall for the *
Performing Arts : Red Squagé
Husky Union

* | University of Washingto
Bldg (HUB) University of Washington

Built Environments

Library - > _—
8 $13)

Mary Gates Hall =) IMA Spo|
University of Washington
%

e

&
2
*\OJ Physics Instrument Shop

F
Ranier Vista

v
N Vo, .
ptronghold e Alaska Ailines Arena

at Clarence S. "HEC

Figure 6.1 Proposal for setting up two trap systems at Physics Department and CENPA. The
actual fiber length required is probably about 1.5 km.

We already built another parabolic mirror trap and are working toward remote ion-ion
entanglement on a few meters distance. The major improvement of this new trap is we
implemented two perpendicular piezoelectric motors at the side of needle electrode. The ion

positioning is done by moving needle electrode in all three directions rather than varying DC
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bias voltages in the old mirror trap. The advantage is that the micro-motion will be reduced and
we expect to see the ion imaging close to diffraction limit, which also potentially improves the
fiber coupling efficiency. In Chapter 5.2, we have an ion-photon entangled state through optical

fiber coupling as:

) = (|O>ion|0+>pho - |1>ion|0_)pho)/‘/§- (6.25)

If we have two identical system a and b, which generate two ion-photon pairs, their quantum

state will become

(10)al+)a — [D)al =)a)® (10)p | +)p — [1)p—)p) /2 =
|0>a|+)a|0)b|+)b - |0)a|+>a|1)b|_>b - |1>a|_)a|0>b|+)b + |1>a|_)a|1>b|_>b/2- (626)

Here | abbreviated o* as + for simplicity. Using the Bell state basis:
|®*) = (10)410)p % [1)q[1)5)/V2, and
[¥£) = (10)al1)p £ 11)al0)5)/V2, (6.27)
we can rewrite EqQ. 6.27 as:
1P ) ion| P ) pno = [P Dionl P Vpno — P ion| ¥ pho + ¥ Vion W dpro-  (6.28)

We can generate two separate ion-photon pairs, and send both photons to a non-polarizing beam
splitter followed by two PMTs. There are 4 possible situations when these two photons pass the

splitter, as shown in Figure 6.2.
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Figure 6.2. Four possible routes as two photons pass through a non-polarizing beam splitter.
When a photon is reflected, it is subjected to a 90° phase shift. Therefore, the last two pathways

destructively interfere for symmetric photon states, such as |®*) and |¥'+).

The last two possible routes in Figure 6.2 have opposite phase due to m phase shift of
reflected photon, so they cancel each other for symmetric Bell’s state of photon. Therefore, when
both PMTs register a photon, the photon state will be the only anti-symmetric state in Eq. 6.28,

which is the | ™) state, and the barium ions will be in the anti-symmetric Bell state:

W) = (10)a]1)p = 11)al0)y) /V2. (6.29)
We can then perform random state rotation of 0 or @ radians for ion a, and n/4 or 3w/4 radians for
ion b, and readout both ion states to test Bell’s inequality violation. These angles are chosen to
violate the Bell’s inequality at the most extent. The measurement of two qubit states results in
one of the four outcomes: (|0),10)3, [0)411)s, [1)410)s, [1)411)3), which are used to derive the
correlation parameters in Eq. 3.18. This is a simple idea, but the true challenge is to close the two
loopholes simultaneously. There are some technical problems to be addressed. First, how
practical is wiring our specialized optical fiber for 1 km? We asked two companies for a quote of
such a fiber, and they both can provide a single mode optical fiber about 1.5 km for about five
thousand dollars. So such a fiber is available and not extremely expensive. Secondly, in order to

observe the photon entanglement, the photon detection at both PMTs should be



70
indistinguishable, which means that the temporal and spatial overlapping of both photons at
beam splitter should be no worse than 1 ns, which is about 30 cm (5, 70). It requires the
synchronized excitation sources and fine control of the beam splitter placement. Another
attractive solution is a fiber beam splitter, which guarantees perfect spatial overlap. One other
important thing is the entanglement generation rate. The fiber we are interested in is HP460 from
Thorlabs, and its attenuation rate is advertised as less than 30dB/km. Assuming it takes 1.5 km to
connect Physics building and CENPA, attenuation would be approximately 31600. On average,
our excitation rate is 20%, overall the fiber coupling efficiency of % emission is 2%, the PMT
quantum efficiency is 20%, and optical component loss of 10%, and 25% of anti-symmetry
Bell’s state distribution, which leads to one entanglement detection in about twenty minutes.
This number can be improved in many aspects, such as applying deformable mirror for fiber
coupling or excitation rate improvement, which will both increase entanglement rate
quadratically.

Last but not the least, the ion qubit state readout process needs to be done in fewer than 3
us to close the locality loophole. The orthogonal measurement bases for the ion qubit states can
be realized by ion qubit state rotation, followed by selective state shelving and cooling cycles
described in Chapter 2.5. The ion qubit state is rotated by turning on the RF signal of the wire
loops at the qubit resonant frequency. The impedance matching coil with amplified RF signal
generates electromagnetic radiation, and rotates the ion state in a two qubit Bloch sphere. In our
current setup, we can complete this process in around 5 ps. By further increasing the RF and the
1762 nm laser powers and focusing it more tightly, it is very reasonable to expect a 3 us
rotation/detection cycle. The Figure 6.3 shows the space-time diagram of the experimental

procedure and the limiting factors of Bell’s inequality violation test (69). Two identical setups, |
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& I, are separated by 1 km and emit a photon at the same time, E; & E;;. Each photon is coupled
into an optical fiber and detected as event Dpp. Only when both PMTs register a photon, the ion
qubit state rotation and readout is done. The angle of state rotations are randomly chosen at C; &
Cy after Dpp in order to prevent any post-selection probability. Another constraint is that the
readout of ion qubits state, D; & Dy, must be finished before the light cone of C; & Cy, arrive to
close the locality loophole, which is 3 ps for our proposal. One last consideration is the fidelity
loss. For such a long optical fiber, due to the thermal and physical perturbations, lowers the
purity of the state of polarization qubit. Thus, we may need to consider the frequency or time-bin

qubit schemes, which are less vulnerable to fiber birefringence.
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Figure 6.3. The spacetime diagram of events ordering for Bell’s inequality violation test. E,
and E,, are the two events of photon emission. C, and C,; are events of random detection basis
generation. Dpp is where the two photons meet each other in a beam splitter. D, and Dy, are the

ions state readout events.

In late 2015, there were three first-ever loophole-free Bell’s inequality violation
experiments published (5-7). Photons were used in all three experiments because of their
mobility; they carry the entanglement information in different aspects. The first experiment from
the Ronald Hanson’s group in Delft University of Technology used the electron spin states of
nitrogen vacancy (NV) centers in diamond as qubit state. Their entanglement scheme is similar
to our proposal. First, two independent electron-photon entanglements pair are generated in time-
bin scheme at separate locations 1.3 km apart. The two photons travel in two optical fibers to a

third location in between, and collapse in an anti-symmetry Bell’s state with 25% probability. As
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a result, the two electron spin states are entangled remotely through entanglement swapping, and
the NV center qubits’ state detection is made by microwave rotation and selective cycling
transition of the spin states. The main advantage of this protocol is the entanglement is
established through the photons traveling in optical fibers, which can be extended over long
distance. The second advantage is that the detection efficiency of electron spin states is close to
unity. The disadvantage is the attenuation of optical fiber increases with distance, so the
entanglement rate is as low as one pair per hour for about 1 km separation in their experiment.
Also, the detection of electron state is usually of micro second scale, which compensates the long
separation distance at the first place to close the locality loophole. Overall, this scheme sacrifices
the entanglement rate in exchange for the separation between entangled pair and state readout
efficiency.

The other two Bell’s inequality violation experiments, one done by Anton Zeilinger’s
group in Universitéat Wien and the other by Sae Woo Nam’s group in NIST, used spontaneous
parametric down-conversion (SPDC) in the periodically poled potassium titanyl phosphate
(PPKTP) crystal, which generates polarization entangled photon pairs (71, 72). Each entangled
photon is coupled into different optical fiber and travels to the detection site. The advantage is
the entanglement generation rate is as high as ~10 KHz. The disadvantage of using a single
photon as a qubit is the detection efficiency losses, which comes from the optical fiber coupling,
fiber attenuation, and efficiency of the photon detector. This limits the separation of two
measurements in order to close the detection loophole. The high entanglement generation rate is
at the cost of short distance between entangled pair. Equipped with superconducting devices of
~90% single photon detection efficiency, the distance between two measurements is around 100

meters in both experiments.
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These two different schemes provide the long-lived entangled electron pair over long
distance or a rapid photon-photon entanglement generation, which are both realized through
photon usage. The flexibility of photon application plays an important role in many quantum
researches. From particle to wave to wave-particle duality, the way we see the photon evolves
from classical physics to quantum mechanics, and we would like to continue this journey. In this
thesis, | developed the parabolic mirror trap and increased the collection efficiency of the trapped
ion’s fluorescence. This setup generates entangled ion-photon pairs, and can improve the

scalability of ion-photon qubit system.
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