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CHAPTER I

Introduction

Since the development of quantum mechanics almost a century ago, there has
been considerable controversy over the interpretations and results of quantum the-
ory. This controversy stems mainly from the highly counterintuitive predictions of
quantum mechanics which include the issues of superposition, wave-particle dual-
ity, irreversible measurement collapse, the uncertainty principle, and perhaps most
famously, entanglement at a distance. In the seminal paper by Einstein, Podolsky
and Rosen [1], the authors discuss the seemingly contradictory results of quantum
mechanics that are at the heart of this debate, leading them to question the com-

pleteness of quantum theory itself. In their words:

In a complete theory there is an element corresponding to each element of
reality. A sufficient condition for the reality of a physical quantity is the
possibility of predicting it with certainty, without disturbing the system.
In quantum mechanics in the case of two physical quantities described by
non-commuting operators, the knowledge of one precludes the knowledge
of the other. Then either (1) the description of reality given by the wave
function in quantum mechanics is not complete or (2) these two quantities

cannot have simultaneous reality. Consideration of the problem of making



predictions concerning a system on the basis of measurements made on
another system that had previously interacted with it leads to the result
that if (1) is false then (2) is also false. One is thus led to conclude that

the description of reality as given by a wave function is not complete.

For many years, these controversies were debated exclusively in the realm of the-
oretical physics. However, in 1965, John Bell and others began to develop exper-
imentally realizable conditions using entangled particles to answer some of these
questions [2, 3, 4]. These proposed Bell inequality tests show that the existence
of local hidden variables impose restrictions on measured correlations that are in
contradiction with the predictions of quantum mechanics.

Experiments showing violations of these Bell inequalities followed shortly there-
after involving entangled photon pairs [5, 6, 7, 8, 9], low-energy protons [10], neutral
kaons [11], and more recently in trapped atomic ions [12, 13], individual neutrons [14]
and even hybrid systems [15, 16, 17, 18]. In all such cases, the measured correlations
are in convincing agreement with quantum mechanics and provided strong evidence
against the existence of local hidden-variable theories. Based on these results, the
description of reality given by the quantum mechanical wave function can indeed be
considered complete, even though quantum mechanics cannot predict results with
certainty. Although these fundamental questions continued to trouble many physi-
cists over the past century, the development of the new field of quantum information
science and the possible applications that may result from large scale quantum sys-
tems have brought many of these questions of quantum mechanics to the mainstream
of not only theoretical but also experimental physics.

The work presented in this thesis deals with a system at the heart of these ques-

tions — quantum entanglement of trapped atomic ions at a distance. Entanglement



is the key resource in quantum information, and trapped ions are among the most
attractive systems for scalable quantum information protocols because they can be
well isolated from the environment and manipulated easily with lasers [19, 20, 21,
22,23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41]. Over the
past decade, the trapped ion system has shown tremendous progress toward a quan-
tum information processor, however as one tries to scale this system from current
experiments involving less than ten atomic quantum bits (qubits) to many hundreds
or thousands of qubits, current experimental setups may be too limited to deal with
the complexity of these very large systems. One approach to overcome this scaling
problem in ion traps is to shuttle the ions through multi-zone traps [42, 43, 44, 45].
In such a system, quantum gates are performed in “entangling zones” of the larger
trap structure, and the ions are shuttled to other zones for storage or further opera-
tions as necessary. Still, as the number of ions grows and the dimensions of the traps

shrink, preserving coherence may become exceedingly difficult [46].

An alternative scaling approach, and the topic of this thesis, is to use photon-
mediated entanglement. With this approach, ions in many different trapping zones
can be entangled without the need for cooling to the motional ground state or even
localization within the Lamb-Dicke regime. Even though this approach is typically
probabilistic, it has been shown to scale favorably both with the success probability
of atom-atom entanglement in a given trial and the number of qubits [47, 48, 49], thus
eliminating the need for challenging cavity QED techniques necessary for the gen-
eration of deterministic quantum information transfer between atomic and photonic

sources® [50, 32, 33, 40].

1While QED techniques are not strictly necessary, they can be incorporated into the protocols described in this
thesis and can help to increase the probability of spontaneously emitting a photon into the mode of interest, currently
the largest limiting factor to the success probability for atom-photon and remote-atom entanglement.



Probabilistic atom entanglement leads to deterministic quantum computation in
a way similar to linear optical quantum computing, where quantum interference of
photons is used to create quantum entanglement and quantum gates. By combining
atomic and photonic systems, the benefits of atomic quantum memory [51, 52, 53] and
the quantum communication of photons are combined. If two photons emitted by two
remotely located atomic sources interfere on a beam splitter, then the appropriate
measurement of the photons from the two atoms can project the atoms into an
entangled state. This heralded entanglement can be used as a resource for further
quantum information processing. In addition, combination of the photon and ion
systems which have independently closed the locality and detection loopholes, may
allow for remote ion-entanglement with the potential for measuring a loophole free

Bell inequality violation [54].

In this thesis, I describe a theoretical and experimental framework for the entan-
glement of two particles using trapped atomic ions. Using our trapped ion system, I
show the first explicit demonstration of quantum entanglement between matter and
light using a single ion and its single emitted photon, including the first measurement
of a Bell inequality violation between two particles of different species. Building upon
this ion-photon entanglement, I demonstrate the first entanglement of two individ-
ual massive particles at a distance. In our experiment, two independently-trapped,
remotely-located ions are each entangled with their emitted photons, and the in-
terference and detection of these photons heralds the entanglement of the atomic

quantum bits.

I begin with a general theoretical overview to the entanglement between a single
atom and a single photon (Chapter II). Next, Chapter I1I shows how remote entan-

glement can be created using atom-photon entangled pairs. Chapter IV begins my



experimental work with trapped ions. In particular, it introduces the two different
ion species used in the experiments reported in this thesis — cadmium and ytter-
bium — as well as the infrastructure needed for these experiments. I next highlight
the experimental results using the cadmium ion where we successfully demonstrated
ion-photon entanglement (Chapters V and VI) and made important steps toward the
entanglement of two ions (Chapter VII). At the end of this Chapter VII, I discuss
the limitations of cadmium for remote ion entanglement and why we switched to the
ytterbium ion (Section 7.3). Chapter VIII begins our work with the ytterbium ion,
where I describe the improved generation of quantum interference of two photons,
necessary for the demonstration of remote ion entanglement, and Chapter IX reports
the realization of remote ion entanglement. In the concluding Chapter X, I discuss
how this approach to remote ion entanglement, though probabilistic, can lead to
a scalable quantum information network as well as fundamental tests on quantum

theory.



CHAPTER II

Procedure for Probabilistic Entanglement between a Single
Atom and a Single Photon

I begin by discussing the protocol for entanglement between a single atomic qubit
and a single photon. Consider an atomic system possessing long-lived electronic
states that can be used as a viable qubit and also having a strong electric dipole
coupling to an excited electronic state. For concreteness, the atomic qubit states
are assumed to be hyperfine levels in the 25, 2 ground states of a single valence
electron atom [55], although other atomic level schemes can be used. I assume the
atomic system has short-lived 2 P, /2 and 2P, /2 excited states that spontaneously decay
exclusively to the 25, /2 ground state. Similar systems with decay channels to other
electronic states (such as low-lying 2D states) also apply, but require the application
of radiation driving population from these states back to the S-P levels.

When a single atom is prepared in one of the excited 2P states, a single photon
can be spontaneously emitted via multiple decay channels after a mean time of 7
(the natural lifetime of the P state) typically in the nanosecond range. Attributes
of the emitted photon from the multiple decay channels can become entangled with
the resulting 25 /> ground states of the atom.

The simplest atomic level diagram for this system (nuclear spin I = 1/2) is shown

in Figure 2.1(a). The main requirement for atom-photon entanglement is to drive
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Figure 2.1: Possible schemes for atom-photon entanglement. (a) Energy level diagram for an atom
with nuclear spin I = 1/2 and magnetic moment p; < 0. (b) Decay scheme unique to the 2P3/2
level with two possible decay channels. If the photon is emitted perpendicularly to the quantization
axis, the polarization modes are linear and orthogonal. (¢) Decay scheme consisting of three decay
channels, where viewing along the quantization axis eliminates the photon from the Am = 0
decay channel due to the radiation pattern, and the Am = +1 photons have orthogonal circular
polarizations. (d) Same decay scheme as (c¢) but viewed perpendicularly to the quantization axis.
The Am = 0 photon decay channel is linear and orthogonal to the Am = 41 decay channels.
After decay, the |1,—1) and |1,1) can be coherently combined in the |0,0) state establishing the
atomic qubit (see Appendix A.1). (e) Two |Am| = 1 decay channels with the same polarization
comprise a photonic frequency qubit. The Am = 0 photon can be eliminated by a polarizer, or by
the radiation pattern if viewed along the quantization axis. (f) Two Am = 0 decay channels with
the same polarization and different frequencies. Viewed perpendicularly to the quantization axis,
the Am = +1 photons are eliminated via a polarizer. As described in the text, this decay scheme
can be used to perform quantum gates between the atom and the photon. (Note that cases (c)-(f)
also apply to the 2Py /2 levels.) (g) Radiation emission patterns for the Am = 0 and Am = £1

decay channels, defined by a magnetic field B.



the atom to a state with multiple decay channels which result in different levels of
atomic ground state |S;). The resulting (unnormalized) state of the photon and atom
is:

U= Z Cij.am| S Vi) L am), (2.1)

ij,Am
where C; ; am are atomic Clebsch-Gordon (CG) coefficients, v; are the photon fre-
quencies, and Il,,, are the photon polarizations.

The photons are emitted in a specific radiation pattern depending on the change
in angular momentum of the atom along the quantization axis, Am (defined by
an applied magnetic field of typically a few Gauss [Figure 2.1(g)]). For Am = 0,
the (unnormalized) polarization state of a spontaneously emitted photon is |I1,) =
—sind|f) and for Am = +1, the states are |[Iy;) = e**®(cos0|d) + i|¢))/v/2, where
6 and ¢ are spherical polar and azimuthal angles of the emitted photon’s wavevector
with respect to the quantization axis, and 0 and ng) are their associated spherical
coordinate unit vectors. Based on these formulas, there are a number of protocols
which are good candidates for atom-photon entanglement, five of which are illustrated
in Figures 2.1(b-f).

Ideally, the atom will decay to two different 25 /5 levels via two distinct decay
channels of distinguishable photon qubit states (either polarization or frequency
states). Polarization qubits typically require the photon to be emitted in a spe-
cific direction. One convenient choice is for a photon emitted perpendicularly to the
dipole axis (f# = 7/2). In this case the Am = =1 radiation is linearly polarized
and orthogonal to the Am = 0 radiation. Another possibility is emission along the
quantization axis (§ = 0). Here, no Am = 0 photons are emitted due to the radia-
tion intensity pattern [Figure 2.1(g)], whereas the Am = +1 photons have opposite

(orthogonal) helicity. With polarization qubits, single qubit rotations are easily ac-



complished via quarter and half waveplates, and qubit state detection is done with

polarizing beam splitters and single photon detectors.

One possible decay scheme is shown in Figure 2.1(b) where the Py |F = 2, mp =
1) excited state is prepared, where F is the total angular momentum and mpg is its
projection along the quantization axis. From here, the atom spontaneously decays
back to either the 2S5 |1,0) = ||) state while emitting a o-polarized photon, or to
the 251 /2 |1,1) = |1) state while emitting a m-polarized photon (with identical CG
coefficients). With this decay scheme, the photon polarizations are orthogonal when
viewed perpendicularly to the quantization axis, with the 7 decay photon polarized
parallel to the quantization axis (defined as [V')), and the o decay photon polarized
perpendicularly to the quantization axis (defined as |H)). The resulting atom-photon
entangled state is \/1/3||) |H) + /2/3|1)|V), where the different prefactors come
from the spatial radiation intensity modes for Am = —1 and Am = 0 transitions.
Although this state is not a maximally entangled Bell state, it is still sufficient for
multi-atom entanglement experiments as will be shown in Chapter III. Alternatively,
this entangled state can be made into a Bell state by simply inserting a polarization-
selective lossy element into the path of the photons, at the cost of a somewhat lower

efficiency [56].

Figures 2.1(c-d) show similar decay schemes which give rise to entanglement be-
tween the atomic qubit and the photon polarization qubit. In both of these schemes,
the atom is prepared in the 2P, |0,0) (or P35 |2,0)) state with three decay chan-
nels'. Along the quantization axis [Figure 2.1(c)], no Am = 0 photons are detected

due to the radiation pattern, and the Am = +1 photons have orthogonal circular

IThe 2P |1,0) states would also work well for the scheme shown in Figure 2.1(c), but for the scheme illustrated
in Figure 2.1(d), the two polarization components would also have different frequencies. Theoretically, this is not
a problem, but experimentally, it is difficult to control the subsequent phase on single qubit rotations, as will be
discussed in more detail in Section 5.2.



polarizations. The resulting polarizations can be converted into the |H) — |V') basis
with a quarter waveplate, creating the (||)|H) + [1)]V))/v/2 Bell state. Similarly,
if observed perpendicularly to the quantization axis [Figure 2.1(d)], the polarization
of the Am = 0 decay channel is orthogonal to the Am = +1 decay channels. While
this results in populating three atomic levels, |1, —1) and |1,1) can be coherently
combined in the |0,0) state transferring the population to the first order magnetic

field insensitive “clock qubit” states [55], as discussed in Appendix A.1.

In addition to photon polarizations, two resolved frequencies can also be used for
the photonic qubit. As compared with polarization qubits, frequency qubits can be
difficult to manipulate as it is much more challenging to separate and detect fre-
quency components (typically separated by a few GHz for atomic systems) than to
measure different polarization modes. Direct measurement of the photon frequency
qubits would be possible by using a Mach-Zehnder interferometer with a path length
difference equal to ¢/2Av, where Av is the frequency splitting of the photonic qubit.
Qubit rotations can also be performed by changing the path length difference of the
interferometer, or directly by using an electro optic modulator [57]. Nonetheless, a
technical challenge for further atomic state rotations is synchronization of the photon
arrival time with the free evolution of the atomic hyperfine qubit (1/Av = 100 ps for
Av = 10 GHz), which may be feasible using very fast electronics and detectors. How-
ever, direct diagnosis of the photonic qubit is not necessary when performing remote

atom entanglement, as is discussed in Chapter III and demonstrated in Chapter IX.

Despite the difficulty with qubit state detection, frequency qubits are expected to
be more robust than polarization qubits with remote entanglement. Closely-spaced
frequency components of the same polarization have essentially zero dispersion in

typical optical paths, and thus are highly insensitive to phase jitter and birefrin-
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gence inherent in optical paths [58, 59, 60, 61, 62, 63, 64]. Furthermore, because
these frequency qubit states have the same spatial emission patterns, efficient mode-
matching is possible even with an increased collection solid angle [49].

One scheme using frequency qubits is shown in Figure 2.1(e) where an atom
prepared in the P, |1,1) state decays to the 255 |1,0) and |0, 0) states emitting
a photon with a single polarization but in a superposition of different frequencies.
Here, a m-polarized photon to the 25, /2 |1,1) state can be eliminated via a polarizer
or by detecting along the quantization axis, resulting in the atom-photon entangled
state (|1) [v1)—|1) [v1))/V/2, where the negative sign is a result of the Clebsch-Gordon
coefficients.

While either photonic qubit allows for the creation of entanglement between atoms
and photons, frequency qubits further enable the possibility to propagate prior super-
position or entanglement of the atom to the photon, which can be used for quantum
gates [49]. Consider the setup illustrated in Figure 2.1(f), where an atom is ini-
tially prepared in a superposition of the clock qubit states |F,mpr = 0) = |1) and
|FF+ 1,mp = 0) = |]). Upon excitation with a m-polarized laser pulse, the atom
can be coherently driven to the corresponding clock qubit states in the excited 2P, /2
levels?, |F' +1,mp = 0) = |1") and |F',mp = 0) = |]’) respectively, where F' = F.
Cross-coupling between the levels |T) < ||’) and ||) < |1’) is prohibited by selec-
tion rules. After spontaneous emission of a m-polarized photon into the appropriate
mode (and Am = £1 photons eliminated via a polarizer), the atom and photon are
entangled in the state ¢; |T) |v41) +c¢ |]) |v), where ¢; and ¢ correspond to the initial
superposition amplitudes of the atom before excitation. The construction of gates

from this entanglement is discussed in Chapter III.

2The scheme depicted in Figure 2.1(f) works not only I = 1/2, but for any half integer I. Additionally, for
I =1/2, it is also possible to excite on the D2 line to the 2P3/2 manifold where the |1) and ||) states are excited to
|F" =1,mps = 0) and |F’ = 2, mp, = 0) respectively [65].
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For any of the atom-photon entanglement schemes described above, the probabil-
ity of detecting the entanglement in a given trial is less than unity, P, , = p.p < 1.
Here, p, is the probability of single photon emission® and p = fnT(AQ/4x) is the
probability of a photon being detected in the desired spatial mode, where f =
Ing/(I) is of order unity and describes the intensity of the atomic emission pattern
into the light collection solid angle A2 compared to the average emission intensity
over all space, 7 is the quantum efficiency of the single photon detectors, and 7' is
the optical transmission. This results in an atom-photon entanglement success rate
of Rap = Pap/Trep, where the repetition time T, is fundamentally limited by the
excited state lifetime, 7.

Ideally, P, , could approach unity. The excitation probability could be near unity
by using an ultrafast laser pulse (p. ~ 1), as discussed in the following chapters. One
could also increase the collection efficiency of scattered photons by placing the atom
within an optical cavity. This could potentially allow the collection of all scattered
photons, effectively allowing f(AQ/47) to approach unity without sacrificing fidelity
(36, 66, 67, 40]. Photon detector efficiencies can also be near perfect [68, 69, 70].
However, since these improvements come at great effort, the success probability on

a given trial is assumed in the following discussions to be p < 1.

3The emission of a single photon at the desired transition is equal to the atomic excitation probability, assuming
no decay channels to low lying metastable states.
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CHAPTER III

Procedure for Entangling Two Atomic Qubits Through
Interference of Photons

While entanglement of nearby trapped ions has been realized through Coulomb-
coupled motion [22, 24, 27, 28 71, 72|, atoms separated by too large a distance for
direct atom-atom interactions may instead be entangled via their emitted photons.
This remote-atom entanglement requires the ability to mode-match the photons from
two atom-photon entangled pairs such that the photons from each atom are indis-

tinguishable [73, 74, 54].

3.1 Single Photon Detection Scheme

The first example of a photon-mediated remote-atom entanglement protocol, pro-
posed by Cabrillo et al. [73], begins with two atoms each prepared in a known
ground state ||) of a 3-level lambda system [Figure 3.1(a)]. These two atoms are
then simultaneously weakly driven (p. = € < 1) to the excited state |e) from
where the atom will decay either to the original state, or to a second ground state
|T). After the weak excitation pulse, the two atoms are each in the (unnormal-
ized) state ||) 4+ v/ele), or for atoms a and b: (|]), + vVele)a) ® (|1), + Vele)) =
D)o 1L+ VeElL, ledstele)a L), +ele)ale)s. For successful atom-atom entanglement,

a single photon must be detected from one of the two atoms, where the detector is
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only sensitive to the |e) — |T) decay channel. If the atomic excitation is sufficiently
small such that the probability of both atoms emitting a photon is negligible, €2 < 2e,
then by the projection postulate, after detection of the single photon, the atoms are
in the entangled state (|1}, 1), +€®|1), |1),)/V2, where the phase ¢ = kAz comes

from the optical path length difference between each atom and the detector.

(a) e) (b)
€|
v,
2 1)
(c) Detectors
b a
BS
a b
9/ Fiber/\Q
» - o »
“~lona lonb~" *~lona lonb—

Figure 3.1: Entanglement schemes for two remotely located atomic qubits. (a) In the single-photon
protocol by Cabrillo et al. [73], each atom is weakly excited with a probability € from the ground
state ||) to the excited state |e). The photon detectors are only sensitive to the |e) — |1) decay and a
detection of a single photon projects the atoms into the entangled state (|]), [1), +€** 1), |1),)/V2.
(b) In the two-photon protocol, each atom is prepared in the excited state with two decay channels
giving rise to two distinguishable photonic qubit states. (c) Detection setup suitable for either
entanglement protocol. With the protocol by Cabrillo et al., only one of the two detectors detects a
photon, whereas the two-photon protocol requires coincident detection on each detector, projecting
the atoms into the entangled Bell state ¥ )aom = (|T), 11)y — [1), 11),)/V2. (d) An alternative
setup when using polarization qubits in the two-photon protocol. Coincident detection between D1
and D3 or D2 and D4 projects the atoms into the state |¥~),tom, Whereas coincident detection
between D1 and D2 or D3 and D4 results in [ )apom = (|1), [1), + 1), 1))/ V2.

One limitation to the entanglement fidelity achievable with this protocol is the

14



probability of multiple photon emissions. By choosing ¢ < 1, this probability is
lowered, but at the expense of lowering the entanglement success probability. This
protocol also requires that (the atoms be well localized such that) the path length
the photon travels to the detector is known to much better than the wavelength of
the emitted photon [75, 76], otherwise the phase in the final entangled state will
be unknown and will ruin entanglement. Similarly, if an atom experiences a recoil
upon emission, the evidence of which atom emitted the photon will again ruin the
entanglement fidelity. These last two restrictions, however, may be overcome if the

atoms are localized to well within the Lamb-Dicke limit.

Recent proposals have suggested a similar detection protocol that is less sensitive
to the phase due to the path length that the photon travels to the detector [48, 77, 78].
However, this insensitivity to path length comes at the expense of a second detected
photon in a subsequent excitation step, and still requires the atoms to be within the
Lamb-Dicke limit. Hence, this type of entanglement may be more useful for solid
state qubits (quantum dots [79, 80, 81, 82, 83|, nitrogen-vacancies in diamond [84, 85],
etc.) where the localization of the atomic qubit in the Lamb-Dicke limit is easily

accomplished.

3.2 Two Photon Detection Scheme

A more robust two-photon protocol for remote atom entanglement, not requiring
localization within the Lamb-Dicke limit and less sensitive to photonic phase, was
proposed independently by Duan and Kimble [74] and Simon and Irvine [54]. The
atomic energy levels for this approach are the same as the previous protocol, but
the excited state can be prepared with arbitrarily high probability and the result-

ing entanglement requires the coincident detection of two photons, one from each
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atom [Figure 3.1(b)]. The excited state has two decay channels with distinguishable
photonic qubit modes — either polarization or frequency modes. After simultaneous

excitations, the atoms each emit a single photon and are in the state:

1
5UDa e 1M Ia) @ (11 lvods + 1)y [1100)
- %(‘\Ij+>atom|\p+>photon + ‘\Ij_>atom‘qj—>photon

+|(I)+>atom|q>+>photon + |<I>_>atom|q)_>photon)a (3].)

where |7,) and |y;) are the qubit states of the photonic qubit, and |¥%),0m =
(10 1105 £ 1), 1195)/V2 and [9%)iom = (1), 1), £ 1), [1),)/V2 ave the maximally
entangled Bell states for the atoms, with corresponding definitions for the photons.
(An extension to arbitrary atom-photon entangled states is given in Section 3.4.) If
the two photon modes are matched on a 50/50 beam splitter, then they will exit on
different ports only if they are in the antisymmetric state | V™) photon = (|71)al71 )6 —
17 al71)8)/V/2, Tespecting the symmetry of the overall photonic wavefunction [S6].
Therefore, coincident photon detection in the two output ports of this beam splitter
projects the atoms into |V~ )aom [Figure 3.1(c)]. Additionally, with a polarizing
beam splitter placed in either output port, it is possible to detect the (polarization
qubit) photons in the state |¥) hoton, thus projecting the atoms into the state
| U ) atom [Figure 3.1(d)]. For the other two photonic Bell states |®*) poton, both
photons are always detected in the same qubit state and thus cannot herald a unique
entangled state of the atoms [54].

For high fidelity atom-atom entanglement, it is important to emit only a single
photon from each atom. With atom-photon entanglement, good entanglement fi-
delities can still be obtained using weak cw excitations, where the probability of

spontaneously emitting two photons is py. = p?/2. Hence, when detecting a single
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photon, the probability of a second emitted photon, potentially affecting the fidelity
of the entanglement, is only p./2. However, in the two photon atom-atom entan-
glement protocol, the probability of two photons being detected from one atom is
of the same order as detecting two photons from different atoms (discussed in more
detail in in Section 3.4). Emitting only a single photon requires the excitation pulse
duration to be much shorter than the excited state lifetime, and allows for ps, — 0.
In addition to eliminating multiple excitations, a fast excitation pulse can also allow
for near unit excitation probability (p. ~ 1), which can lead to a significant increase

in entanglement success probability.

Even with an increased excitation probability, the likelihood of detecting a single
emitted photon is typically low, and therefore the requirement of detecting both
emitted photons can make this protocol significantly slower than the single photon
protocol. However, with the possibility to considerably increase the effective photon
collection solid angle via an optical cavity, the latter approach can be comparable in
success probability, or even greater, due to the intrinsic limitation of p, < 1 in the

single photon protocol.

Additionally, by starting with two atom-photon pairs entangled in the method
of Figure 2.1(f), one could allow for quantum gates between the two atoms using
this protocol [49]. For this, the choice of pulse length (bandwidth) must allow for
unique simultaneous excitation of both qubit states. Therefore, the pulsed laser
bandwidth needs to be larger than the largest hyperfine splitting, but smaller than
the fine structure splitting to eliminate coupling to the different excited state levels

[Figure 3.2].

Because of the insensitivity to atomic localization and interferometric phase, our

experiments have focused on the two-photon entanglement. In the following, I will
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Figure 3.2: Pulsed Laser frequency requirements. Energy levels (not to scale) and laser bandwidth
requirements for generation of a high efficiency single photon source (atomic values shown are for
H1Cd*). For simultaneous excitation of both hyperfine qubit states, the bandwidth of the laser
pulse must be much larger than the largest hyperfine splitting, but smaller than the fine structure
splitting to eliminate coupling to the different excited state levels. To eliminate multiple scatters,
the pulse duration must be much smaller than the excited state lifetime (have a bandwidth much
larger than the linewidth of the excited state).
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discuss this protocol exclusively.

3.3 Coupling Photon Modes with a Beam splitter

The central component of the photonic coupling used to entangle atomic qubits
is the interference of photons on a beam splitter (BS). This involves single photons
entering the two input ports of the BS, as shown in Figure 3.3. If the spatial,
temporal, and frequency modes of the two photons coincide on the BS, there are
two indistinguishable ways for the photons to emerge in separate output ports: both
photons are transmitted through the BS, and both photons are reflected from the
BS [Figure 3.3(d-e)]. It is the destructive interference of these two amplitudes [86]
that can project the atoms into an entangled state.

Consider the general interference of two photonic modes on a beam splitter, which
can be conveniently described by effective angular momentum rotation operators [87].
As shown in Figure 3.3(a), spatial modes a and b are depicted by the two straight
paths through the BS, and the BS transfers photons between these two modes. Given
n and m photons in respective modes a and b before the BS, the action of the BS is
identical to rotations within an effective J = N/2 angular momentum system, where

N =n + m. Formally, the two mode input state |n),|m), evolves to
[m)alm)y — e~ |n)olm)s, (3:2)

where the rotation angle y is 7 times the reflectivity R of the lossless BS, and
J, = —i(a'h — ab')/2 [87). The photon annihilation and creation operators, @ and af
for mode a and b and b for mode b, follow the usual bosonic commutation relations
[a,al] = [b,b1] = 1.

I write down the evolution of two-mode photonic states for up to N = 3 total

photons, using angular momentum rotation matrices [88]. Obviously, the trivial case
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(a) b

(b)+0,2) () -|2,0)

@+1,1 4 () -1,1)

Figure 3.3: Modes of a beam splitter. (a) Spatial modes a and b are straight paths through the
beam splitter (BS), and the beam splitter interferes these two modes. (b-e) The four possible output
modes of two photons entering a beam splitter from different ports. A negative phase is acquired
only upon reflection from low to high index of refraction — mode a in (c¢) and (e).
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of N = 0 photons does not evolve. For a total of N = 1 photon in the two input

modes, the equivalent spin-1/2 system evolves as:

10)a|1)p cosy sing 10)a|1)p

11)4]0)p —siny cosy 11)4]0)s

For N = 2 photon input states, we find,

10)4]2) 2(1 4 cosy) \/Li siny 3(1—cosx) 10)a]2)s
1)all)s | — \_/—%sinx CoS X \/iisinx Da|1) > (34)
12)4]0)s s(L—cosy) gsinx 5(l+cosx) 12)4]0)s

and for reference, the evolution for N = 3 photon input states is:

10)al3)e
[1)al2)s
N
12)al1)y
13)al0)s
[ cosgg \/§cos2§sm§ \/gcosgsm”g< sin?’%‘ ]
—\/§COSZ§SZ'R>—2< cos®X — 2cosXsin®%  —sin®X 4 2cos* S sin \/gsinzgcosé‘
\/gcosgsin% sin®s — 2sinfcos’s  cos®S — 2sin*Xcos% ﬁcos%sin%
I —sm?’% \/gcosgsm% —\/gcoszgszﬁ”% cos3§ |
10)al3)s
11)al2)s (35)
12)al1)y
13)al0)s
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3.4 Resulting Atom-Atom Entangled State

As discussed previously, when an atom emits a photon, attributes of the pho-
ton (e.g., polarization or frequency) can become entangled with the atomic qubit,
spanned by the atomic qubit states ||) and |T). This internal degree of freedom of
the photon (photonic qubit) is represented by the two states ¢ = «, [ in a given
spatial mode s = a,b. I begin with a description of the quantum state of a single
atomic qubit and the photonic mode into which the atom emits, including various
imperfections such as background light and multiple atomic excitations. I then ex-
tend this situation to the case of two atoms whose emitted photons interact on a BS
following the above transformations.

A single atom is prepared in its excited state with excitation probability p., given
one of the atomic level schemes in Figure 2.1, with a probability of double sequential
excitation py, < p.. For a weak excitation pulse of duration ¢, > 7, p. < 1 and py. =
p?/2, while for an ultrafast excitation where ¢, < 7, we expect py. ~ t./T < p?/2.
Given that the atom is excited, the probability p that a single photon is detected in
mode s is determined by the overlap between the atomic emission mode and spatial
mode s, transmission losses, and the detection efficiency, as discussed in Chapter II.
(I assume that p < 1, but this analysis applies equally well to cases where p ~ 1,
appropriate for cavity-QED setups, where the atom preferentially emits into mode

s.) The desired (post-selected) atom-photon entangled state is of the form:
|[T) = cosbs [ 1), [0)S11)] +sin 0, 1), 1)210)7, (3.6)

where |n)? is a state of n photons in spatial mode s and internal photonic qubit state
q. The parameter 6, depends on the particular excitation scheme [Figure 2.1] and is

usually near 7/4. Alternatively, for ultrafast excitation schemes, 6, may describe the
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initial atomic qubit state that is mapped onto the atom-photon entangled state [65,
49]. After a time long enough for the spontaneous emission of a photon, the complete

quantum state of the atom-photon system is a mixed state of several alternatives with

respective probabilities given in Table 3.1.

Quantum State Probability Description
|M);]0)210)7 1 — ppe — ppyg | no photons
cos O [ 1), [0Y¢]1)2 + sin b 1), [1)¢]0)2 | ppe good photon
|M)4]0)¢]1)? %ppbg background photon
|M)4[1)]0)? ?ppbg background photon
|M)410)¢12)8 szpgg background photons
|M),[2)2|0)7 10*p} background photons

B i 2 9
|M)s[1)g1)5 30°Piy background photons
cos O [1), [1)¥1)2 +sin s |T), [2)210)2 | Lp2peprg background+good photons
cos 0 [1),10)%12)2 +sin b, |1), [1)2[1)2 | 20?Pepbg background+good photons
|M)s10)511)7 DP2e double excitation photon
|M)4[1)]0)? DD2e double excitation photon
|M)4]0)%]2)? %prge double excitation photons
|M)4]2)]0)? 0% pae double excitation photons
|M),|1)g]1)8 3P Pac double excitation photons

Table 3.1: The mixed quantum state of a single atom and a single photon. A photon is in spatial
mode s after a time long enough for spontaneous emission. The atomic qubit is represented by
states 1), and |]), (|M), is an equal mixture of the two atomic qubit states), and the photon mode
can support photons of internal qubit states o and 3. The lowest order possibilities are listed with
their associated probabilities.

The first term in Table 3.1 corresponds to the typical case of zero photons in
either qubit state o or [ resulting in a random atomic qubit state |M), = |]),
or |1),, while the second term corresponds to the desired creation of entanglement
between the atomic qubit and a single photonic qubit. The remaining terms are
errors occurring from background events (background light entering the photonic
mode) with probability ppy,, and multiple excitation events with probability ppo.
and p*ps. corresponding to detecting one or both emitted photons respectively. Here,
Prg <K 1 is the ratio of background photons to atomic fluorescence photons detected

during the relevant time window. These error events are assumed to have an effective

50% chance of populating either photonic qubit state o or (3 of spatial mode s, and
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multiple excitations are assumed to result in the random mixed state |M),. The
error states listed are the lowest order possibilities in their respective probabilities
(P, Pogs P2e < 1),

When each of two atom-photon systems is independently and simultaneously pre-
pared in the above form, the photonic part of these states can be interfered on a
BS, and subsequent detection of the photons after the BS can project entanglement
between the atoms. I now describe the quantum state of the atoms and photons after
the BS, under the assumption that only photons with identical internal modes « or
B (e.g., the two states of polarization or frequency) interfere on the beam splitter
according to the transformations in Equations 3.3 and 3.4. In general, I assume that
the two atoms are prepared in unique entangled superpositions with their photons,
represented by the two angles 6, and 6,. Anticipating the post-selection of states
that result in two photons leaving the BS in distinct modes (either in separate spatial
modes or in the same spatial mode but with distinct internal modes), I write down
only those states and their associated probabilities in Table 3.2.

In Table 3.2, the desired atom-atom entangled states are:

|\I/Ba>ab = N [cos 0, sin 0, cos® % 1), 1T), —sinf, cos b, sin? % M, Mb} (3.7)
]\Ifaﬁ>ab = N, [COS 0, sin 6, sin’ g 11),IT), —sinf, cos b, cos? % M H)b} (3.8)
|\If°‘ﬁ>aa = Nj|(cosl,sinby,||),|1), + sinb, cosby 1), |1),)sin x] (3.9)

|\Paﬁ>bb - |\Ijaﬁ>aa7 (310)

where N are normalization constants. The first two states are correlated with single
photons emerging in the two different BS spatial modes a and b having opposite

photonic qubit states, and the last two states are correlated with single photons

24



qc

Photonic State Atomic State | Probability

(10)2112) (I0510)7) | 195} P2 (cos? 0, sin® O cos* X + sin” 6, cos? O, sin’ ¥)

|M)o| M)y P2 {%pgg(l + %) + %pbgpe[l + (cos 26, — cos 20, ) <]

+ Paeprg(l — Si“; X) + pacpe[l — % + (cos 26, — cos 260;) “5X|

+ip2€ Sin2 X}
(|1>g|0>£) (\0)?\1)5) AL p?p2(cos? 0, sin? Oy, sin* L+ sin? 6, cos? 6, cos* %)
. 2
|M)o| M), P> {ipig(l + ) + Lppgpe[l — (cos 26, — cos 26;) “5X]
.2 2
+ pQQPbQ(% — 55X + poepe[l — FH5E — (cos 20, — cos 26, ) <X |
+1pge sin® x}
(Wzv2) (10510)7) | 127, L5202 (cos? 0, sin? B, + sin? 0, cos 0y) sin
sin? : sin?
|M)a| M)y 5P°[3P%, (2 — Z5%) 4 Prgpe + P2c(pg + Pe) sin® X + pae(1 — Z52))]
(10)210)2) (1Dg115) | 1) Lp2p2 (cos? 0, sin? 0, + sin 6, cos” 0y sin® x
in? : sin?
|M)a| M), 5P°[3P3, (2 — T5X) 4 prgpe + P2c(pog + Pe) sin® X + pae(1 — 52))]
0)2(1)8) (|0ye|1)? Dol p2p? cos? 6, cos? By, cos? x
a a b b a b e

|M)o| M)y P2 {ipig + i]m,gpe(cos2 0, + cos? ) (1 + cos? x)

+ p2e[Pbg + Pe(cos? 0, + cos? 6y)] cos? x + ipge sin® x}
(210)2) (10810)5) | 114 11, P2y sin® 0, sin? 0, cos?

|M)a| M)y p? {%pgg + %pbgpe(sin2 0, + sin” 0,)(1 4 cos? x)

+ DPa2elpvg + pe(sin? 0, + sin? 0)] cos? x + ip2€ sin? X}

Table 3.2: Quantum states of photon modes and atomic qubits. Listed is the resulting quantum state given that two atom-photon systems are
prepared according to Table 3.1, and the photon modes are coupled on a beam splitter of reflectivity R = x/m. Only those states with two single
photons emerging in distinct modes are written, with their associated probabilities. Higher order processes in the probabilities p, pyy, and po. are
not listed.



emerging in the same output port of the BS, again with opposite photonic qubit
states. As shown in Figure 3.1(d) for the case of polarization photonic qubit states,
these four outcomes can be uniquely determined by separating the photonic qubit
states at the output of each BS output port and triggering on the relevant two-photon
coincidence event.

For a 50/50 BS (x = m/2), the above states simplify to one of the following

entangled states:

TYaig = N(cosO,sinby|]), [1), —sinb,cosby|1),11),) (3.11)

(U same = N(cosOasinby 1), 1), + sinbacos by [1),[1),) (3.12)

where N is a normalization constant and the subscripts “diff” and “same” refer to
cases where the two photons emerged in different spatial modes or the same spatial
mode but separate photonic qubit states. As mentioned previously, if the two atoms
are originally prepared in arbitrary states given by 0, and 6, [Figure 2.1(f)], this post-
selection process can amount to a “measurement gate” between the two atom. This
gate corresponds to a quantum nondemolition measurement of the operator 7,2,
where Z; stands for the z component of the Pauli matrix associated with atomic
qubit 7. [49]. For 6, = 6, (identically-prepared atoms), the above states simplify
to the odd-parity Bell states |U ™ )aom = (|1}, 1), — [1),11)5)/v2 and [¥H)om =
(114 1)y + 1), [1)4)/ V2 respectively”.

Including noise from background counts and double excitations, we find that when
two photons are detected in coincidence in the desired output ports of the BS (for
either the |[¥) i or the |U™) . state), the post-selected mixed state of the two

atoms alone becomes:

1As can be seen from Equations 3.11, 3.12, and 3.14, one cannot use this entanglement protocol for 6, = 6, = 0
or w/2. However, this limitation is acceptable for scalable quantum computing using the methods described in
references [89] and [47]
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Ppost = Pgood’\pent><\pent‘ + Pbad’MaMb><MaMb| (313)

where the probabilities of a desired entangled state Py0q and the noisy mixed state

P,.q are given by:

1
Prood = Zprg(cos2 0, sin? 0, + sin® 0, cos? 6;) (3.14)
P? 3 1
Pbad - ? Puvg Z_Lpbg + Pe +p2e Puvg + Pe + 5 . (315)

The above probabilities do not add to one because they are relative to the (most
probable) null case of not detecting photons in each of the output modes of the BS.
Nevertheless, we can calculate a lower limit on the fidelity of the heralded entan-
gled atomic qubit state, most importantly for the maximally-entangled Bell states
U ) atom and [¥ 1) iom (6o = 0, = m/4). Noting that the fidelity of the random mixed

state | M, M) is 1/4, the fidelity of the post-selected state is

_ Pyood + §Paa _ P2+ [Prg (399 + 1) + P2c (Prg + e + 5)]
Pgood + Pbad pz +4 [pbg (%pbg +pe) + P2e (pbg + Pe + %)} ‘

(3.16)

One criterion for the generation of entanglement is that the fidelity be greater than

1/2, which leads to the condition that Pyyoq > FPhad/2 or

3 1
P2 > 2Py <1pbg + pe) + 2poe (pbg +De + 5) . (3.17)

It is clear that when using a weak excitation pulse of duration ¢, > 7, the entan-
glement fidelity is severely limited (Phaq & Pyood) Since po. = p2/2. However, when
using ultrafast excitation pulses such that p. — 1 and ps. — 0, only the background

photons can affect the resulting fidelity: F ~ 1 — 3py,.
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CHAPTER IV

Trapped Ions

For quantum information processing, there are two primary types of trapped ion
qubits: optical qubits derived from a ground state and an excited metastable state
separated by an optical frequency [90], and hyperfine qubits derived from electronic
ground-state hyperfine levels separated by a microwave frequency [55]. With hy-
perfine qubits, single qubit manipulations can be performed using microwave pulses
tuned to the hyperfine splitting between the qubit states. In comparison, optical
qubits require phase-stable narrow-linewidth lasers to couple the two qubit levels,
which can be very difficult to maintain. Another difficulty with optical qubits is
their qubit coherence times which are fundamentally limited by the lifetime of the
excited metastable state, typically on the order of seconds (and the longer the life-
time, the narrower the required linewidth of the qubit rotation laser). In contrast,
hyperfine qubit levels are stored in electronic ground states, and thus lifetime is not
an issue. With either qubit, magnetic field perturbations to internal structure can
be important. Therefore, the coherence between two internal levels should be made
magnetic field-insensitive (to lowest order), which is possible by operating near an
extremum of the energy separation between the two levels with respect to the mag-

netic field. In this regard, hyperfine qubit coherence times have been measured to
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exceed 10 min in the context of trapped ion frequency standards [91, 92].

While protocols exist for remote-ion entanglement using optical qubits [73], as
mentioned in previous chapters, my work focuses on the hyperfine qubit. This choice
is primarily due to the ease of qubit state manipulations and the potential for very
long qubit coherence times. Additionally, each particular isotope of our ion — 1 Cd*
and '™Yb" — is chosen because it has a nuclear spin I = 1/2, simplifying the atomic

physics of the system by minimizing hyperfine structure.

4.1 The Cadmium Ion

The first ion used in my experiments is the cadmium ion. Figure 4.1 displays
the relevant energy levels of " Cd", where the two hyperfine ground states 25
|F'=0,mp =0) =17) and 2512 |F = 1,mp = 0) = ||) comprise the atomic qubit
and have a frequency separation of wyp/2m ~ 14.5 GHz. These two states are chosen
because they are magnetic-field insensitive to second order. However, one of the
major reasons cadmium was chosen in general as the ion for our group was because
of the simple atomic structure. Because of the I = 1/2 nuclear spin and because
of the absence of low lying metastable states, cadmium has perhaps the simplest
atomic structure of any ion system used for quantum information. Unfortunately
nothing comes without its difficulties, and one difficulty for cadmium is the resonant
wavelength of 214.5 nm for the 2S;,, <> 2P/, transition. Such short wavelengths
require frequency quadrupling infrared lasers and result in limited laser power (as

discussed more in Section 4.2).

4.1.1 Trapping Cadmium ions In our group, cadmium ions were originally loaded
by electron bombardment of neutral cadmium atoms — a beam of neutral cadmium

atoms and a beam of electrons intersecting in the trapping region. When an electron
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Figure 4.1: Energy levels of the "''Cd™ ion. The 25’1/2 |F'=0,mpr =0) and 251/2 |[F =1,mp =
0) hyperfine ground states, separated in frequency by wyp/27 ~ 14.5 GHz, and magnetic field
insensitive to first order, form the basis of the atomic qubit. Detection of the internal HF state
is accomplished by illuminating the ion with a o™-polarized “detection” beam near 214.5 nm and
observing the fluorescence from the cycling transitions between the F = 1 manifold and the 2P; /2
|F' =2, mp = 2) state.

from the electron beam struck a neutral atom in this region, an electron would be
ejected from the cadmium atom creating the Cd™ ion. While this technique worked
quite well for loading clouds of ions, it was difficult to load only a single ion. This
was in part due to the increased local pressure in the vacuum chamber in the area of
the ion trap, due to the high energy electrons. This increased pressure also limited
trapping times.

With the introduction of ultrafast lasers in the lab, we gained the ability to pho-
toionize the cadmium atoms. Photoionization not only allows for maintaining a low
pressure within the trapping region, but also has a much higher efficiency [93]. This
is accomplished by using a mode-locked Ti:Sapphire laser. This laser is frequency-
quadrupled from a central wavelength of 915.5 nm to 228.9 nm for excitation of

the neutral Cd atom (Figure 4.2a). This commercial pulsed laser (Spectra-Physics

Tsunami) provides pulses of light with a pulse duration of ~ 1 ps (psec laser). With

30



(a) (b)
’ , A=184eV

Y,/ 2n = 60 MHz
continuum

30
228.9nm

Y/2r =91 MHz 214.5nm

228.9nm

12 m=-12 mg=1/2

Figure 4.2: Relevant energy levels for photoionization of cadmium atoms. (a) Relevant energy levels
for the neutral Cd atom. From the two-electron 'Sy ground state, the intermediate excited 5s5p ' P;
state (radiative linewidth v/2m = 91 MHz) is populated with a pulsed laser near A = 228.9 nm.
This state is well above the midpoint of the energy difference between the 552 'Sy ground state
and the continuum, so the same laser can subsequently ionize the atom. (b) Relevant energy levels
for even isotopes of the Cd™ ion. A continuous wave laser tuned red of the 251/2 > 2P3/2 cycling
transition near A = 214.5 nm (radiative linewidth of ~y, /27 = 60 MHz) provides Doppler cooling of
the motion for the newly formed ions and localizes them to the center of the rf trap.

this laser tuned to the intermediate resonance in the neutral Cd atom, the atom
can be excited to the ' P, state of Cd from where the excited electron can be pro-
moted directly to the continuum via a single photon transition with either the psec
laser or the cw laser used for Doppler cooling the resulting ion (Figure 4.2(b)). The
large bandwidth of the psec laser also allows for ionization of all velocity classes of
atoms in a vapor or atomic beam and can provide nearly perfect ion trap loading

efficiency [93].

The psec laser produces pulse energies up to 12 nJ at 915 nm. A second-harmonic-
generation autocorrelator is used to measure the pulse duration of approximately
2 ps. The infrared pulses are frequency-doubled in a 12 mm long lithium borate
(LBO) crystal and doubled again in a 10 mm long S—barium borate (BBO) crystal.
Each nonlinear crystal is critically phase-matched (angle-tuned) at its corresponding
wavelength. The frequency-quadrupled output at 228.9 nm consists of pulses of
approximate duration 7 =~ 1 ps with energies up to 60 pJ in the trapping region. The

bandwidth of the psec laser pulses in the ultraviolet is indirectly determined by tuning
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Figure 4.3: Fluorescence spectrum of a single trapped ''!Cd* ion excited with an ultrafast laser.
The spectrum is measured as the center frequency of the psec laser is scanned [94]. The observed
0.07 nm (400 GHz) bandwidth is consistent with a transform-limited pulse of duration 7 ~ 1 ps.
The dashed line indicates the expected resonance position of the 251/2 —2 Py /5 transition in HIcg+
at 226.57 nm.
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Figure 4.4: Loading rate of Cd™ ions vs. detuning of the psec photoionization laser. Loading is
via the neutral Cd 'Sy, — 'P; transition at 228.9 nm. The laser repetition rate is 81 MHz, and
each pulse has an approximate duration 1 ps and energy of 60 pJ. The loading rate tracks the
spectrum of the psec laser, with a bandwidth of approximately 400 GHz. The dashed line indicates
the expected resonance position of the 1Sy —! P; transition in neutral Cd near 228.9 nm.
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it to the nearby 251/2 — Py o transition in Cd* at 226.5 nm (fundamental infrared
laser center wavelength at 906 nm) and measuring the trapped ion fluorescence rate
[94]. Figure 4.3 displays the fluorescence level of a single ion from the quadrupled psec
laser tuned near this transition at 226.5 nm . The resulting ultraviolet bandwidth of
0.07 nm (400 GHz) is consistent with the autocorrelator measurements extrapolated
from the infrared. We expect a very similar spectrum when the laser is tuned to
915 nm and quadrupled to the 'Sy — 'P; neutral Cd atom resonance, verified in
Figure 4.4. Once ionized, a Cd* ion is Doppler cooled by the cw laser tuned red of the
2S1/2 < *Py/5 cycling transition near 214.5 nm (radiative linewidth of 60 MHz [95])

and localizes the ion to the center of the radio frequency (rf) trap (Figure 4.2b).

4.1.2 Cadmium as a qubit For quantum information processing, the qubit must first
be initialized to a known state. Light resonant with the 251/2F =1« 2P3/2F =1
transition is used to initialize the ion to the |]) state via optical pumping. As this
resonance is only ~ 626 MHz away from the cooling transition [65], an acousto-optic
modulator (AOM) can be used to tune the 214.5 nm laser light to the appropriate
frequency (Figure 4.1). Once the ion decays into the |T) qubit state, this optical
pumping laser is detuned from any resonance by 14.5 GHz. Hence, once in the |T)

state, the ion remains there with an extremely high probability.

After initialization in the |T) state, the ion can be rotated between |1) and ||) via
microwaves resonant with the hyperfine splitting of 14.5 GHz. Rotations between
the different Zeeman levels (|1, —1) and |1, 1)) can also be driven because these levels
have resolved energy splittings due to an applied magnetic field. For small magnetic

fields, the Zeeman levels shift linearly at ~ 1.4 MHz/Gauss.

For qubit state detection, a o*-polarized beam resonant with the 25, F =

1<—>2P3/2F = 2 transition is sent onto the ion and the number of scattered pho-
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tons detected a PMT is recorded. The |]) state is resonant with the applied light
and is pumped to the 257 5|1, 1) <> 2P;/5|2, 2) cycling transition which scatters many
photons, whereas the |T) state is detuned by roughly 13.9 GHz and is therefore not
likely to scatter photons. In the "'Cd™ qubit, a detection efficiency of up to 99.7%

was reported in [96].

4.2 The Ytterbium Ion

The second ion species used in our experiments is the ytterbium ion, which has
certain advantages and disadvantages over the cadmium system. The major ad-
vantage of ytterbium is the relatively long resonant wavelength at 369.5 nm (in
comparison to the 214.5 nm resonant wavelength of Cd*). One reason this long
wavelength is advantageous is because high power lasers are readily available, which
is in contrast to the lower laser powers available with frequency quadrupled laser
systems at 214.5 nm. As shown in Section 7.1, the available power at 214.5 nm in
the ultrafast psec laser was only sufficient for driving a single m pulse between the S
and P levels in cadmium. However, twice as much power would have been necessary
for the simultaneous excitation of two ions in two separate vacuum chambers. In
addition to high laser powers, the long resonant wavelengths of the ytterbium ion
allow for the use of single-mode fibers with relatively low losses. As will be shown in
Chapter VIII, this feature is essential for remote-ion entanglement.

Certainly, ytterbium also has its downsides — more complicated atomic structure
requiring more lasers and resulting in more complex atomic transitions — but the
high power associated with only frequency doubling the main 739 nm laser and the

use of single-mode fibers at 369.5 nm made the switch to ytterbium very favorable.

In this section, I discuss the high-efficiency preparation and measurement of qubits
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stored in the hyperfine ground states of Yb™. Although the ytterbium ion system has
previously been exploited by many groups for high-resolution spectroscopic studies
because of its metastable D and F states [97, 98, 99, 100, 101, 102, 103], our group
is one of the first to demonstrate the use of the Yb™ qubit for quantum information
protocols. A key component of the setup is the stabilization of all lasers to a molecular
iodine spectrometer at a wavelength of 739 nm. Additionally, since the ytterbium

and cadmium systems are so similar, many of the techniques developed in cadmium

are applicable to the ytterbium system.
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Figure 4.5: Partial level scheme of '"'Yb*. The 25) o F' = 1 < %P; ;5 F = 0 transition at 369.526 nm
is used for Doppler cooling. The transition probability from 2P; s2F = 0 to the low-lying metastable
2D3/2 state is ~.005 [104], and the population of this state is repumped into the cooling cycle via
laser radiation at 935.188 nm through the 3D[3/2]1/2 level. The ion also reaches 2F7/2 on the order
of a few times per hour, and is repumped with light at 638.615 nm and 638.610 nm.
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4.2.1 Trapping Ytterbium ions As with the cadmium system, ytterbium ions are
loaded using photoionization. However, as the neutral ytterbium resonance is at a
wavelength accessible directly by laser diodes, we use cw excitation of the Yb atoms
rather than the psec laser!. To load a Yb' ion into the rf trap, the cw diode laser
with a power of ~5 mW is tuned to the 'Sy « 'P; transition of neutral Yb near
399 nm and has a focal spot size of ~40 um at the center of the trap. This beam
is aligned with a counter-propagating beam tuned near 369.5 nm resonant with the
251/2 — 2P1/2 transition of the ion (Figure 4.5). The photon from the 369.5 nm laser
beam has enough energy to promote the excited electron directly to the continuum. A
thermal beam of Yb atoms is sent through the trap?, and the Yb atoms are ionized
by way of a resonant two-photon transition [105]. The neutral Yb beam and the
399 nm beam are approximately perpendicular to minimize Doppler shifts and allow
for isotopically selective loading (a technique not available with the large bandwidth
of the psec laser). About 10 mW of 935 nm and about 2 mW of 638 nm light are also
directed into the trapping region from an optical fiber. These light sources prevent
the ion from being trapped in the metastable ?Ds/, and *Fy ), states, respectively

(Figure 4.5). The mean storage time of a trapped ion is several days.

For cooling ytterbium ions, I first explain the relevant transitions for an even
isotope of ytterbium without hyperfine structure, and then I discuss of the addi-
tional requirements for the hyperfine levels of '"'Yb*. The 369.5 nm transition from

28, /2 ’p /2 1s used to generate resonance fluorescence and Doppler cool the ion.

1Since photoionization with the psec laser proved to be so successful for cadmium, we first loaded ytterbium ions
using this laser. This required tuning the psec laser to twice the resonant wavelength at 797.8 nm and frequency
doubling the pulses to 398.9 nm. As expected, the psec laser loading method is much more efficient than the cw
method, however, with trapping times of days, the cw method is more than sufficient.

2The ovens producing the atomic Yb beam needs to be heated to generate a sufficient flux of atoms to load. In
comparison, the vapor pressure of Cd at room temperature is high enough to load exclusively from the background
gas (see Appendix B). While the low vapor pressure in ytterbium requires the ovens to be fired for loading, the
absence of a ytterbium background gas leads to less collisions with ytterbium atoms that can lead to ejection from
the trap or charge exchange.
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This light is generated by a frequency doubled amplified 739 nm cw diode laser that
is stabilized to a molecular iodine reference. Instead of a frequency doubled laser, one
could also use a direct diode [106], however in our experiments, a frequency doubled
laser is used because the commercially available infrared lasers have more power,
longer lifetimes, and allow for locking to iodine. From the 2P, /2 state, the branching
ratio into the metastable 2Dy, state, of lifetime ~ 26 ms [107], is ~0.005 [104]. A
closed system is formed by pumping the ion from the Dy, state to the *D[3/2]; o
state with 935 nm light [97]. From ®D[3/2]; o, the ion will decay directly to 252 (or
back to 2Ds5). A few times per hour, the ion also finds its way into the extremely
long-lived 2F7/2 state. Reference [108] speculates that the 2F7/2 state is occupied
following a collision between the excited Yb™ ion and an atom in the background
gas. Alternatively, it may be due to an off resonant transition from the Dy, state®.
However the ion gets into the 2Fyj, state, this state depopulated by pumping the
ion to the 'D[5/2]5/, level via laser radiation at 638 nm from where it will decay
back into the closed cooling cycle. Alternatively as pointed out in reference [99], an
864 nm laser could also be used by pumping the ion back to the cycling transition
through the 3D[5/2]5/5 level. As this laser wavelength is similar to the fundamental
laser wavelength for cadmium at 858 nm, we first tuned one of the cadmium lasers
up to 864 nm to pump out of the 2F7, state (see Appendix B). In the end, however,
we purchased a 638 nm diode laser, as this option was shown to be more effective
in reference [99]. In addition to getting stuck in the *F7/, state, the ion also goes
into a “dark state” on the order of a few times per hour, where the 638 nm laser
will not bring it back to the cooling cycle. This is likely due to molecule formation,

and application of a strong beam of 369.5 nm laser light of roughly 1 mW breaks the

3We have found that the 2F7/2 state can be prepared rather efficiently by blocking the 935 nm laser and hitting
the ion with the 399 nm cw laser light.
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molecular bond such that the ion is again visible.

The hyperfine structure of ' Yb* (Figure 4.5) necessitates a few more laser fre-
quencies in order to efficiently cool the ion. The 369.5 nm laser is tuned to the
2S1/2F =1« 2P1/2F = 0 transition and the 935 nm laser is tuned to the 2D3/2F =1
— 3D[3/2]12F = 0 transition for Doppler cooling. However, off-resonant excitation
of the ion to the 2P, s2F = 1 level allows the ion to decay into the F' = 0 state of
2512 or F' = 2 manifold of ?Ds5. Electro-optic modulators (EOMs) add sidebands
to the lasers in order to pump out of these dark states back into the Doppler cooling
cycle. For the 25/ < 2Py /o transition, the 369.5 nm laser passes through a 7.35 GHz
EOM, such that the 14.7 GHz second sideband is resonant with the 231/2F =0«
2Py joF = 1 transition. For the ?Dj/y < 3D[3/2])2 transition, a fiber EOM adds
the -3.06 GHz sideband to the 935 nm laser to be resonant with the 2D3/2F =2«
®D[3/2]1/oF = 1 transition. Finally, the 638 nm laser is switched between 638.615 nm
and 638.610 nm at a rate of about 1 Hz by adjusting the diode current and grating
directly. This allows for the ion to be pumped out of both hyperfine levels of 2 F /2-

For more precise numbers on these wavelengths, see Appendix B.

4.2.2 Ytterbium Laser Stabilization Efficient Doppler cooling and qubit state detec-
tion require the 739 nm and 935 nm lasers to be stable in frequency to well within the
linewidths of the relevant transitions in the experiment. For this, the 739 nm laser is
locked to a stable cavity using an rf lock [109, 110] that allows for reduction of fast
laser noise. We then use saturated-absorption spectroscopy of iodine to stabilize the
cavity on a long time-scale to an absolute frequency reference. Lastly, the 935 nm

laser frequency is stabilized using a side-of-fringe lock in the same cavity.

The relevant optics and electronics for the rf stabilization of the 739 nm laser to

the cavity are shown in Figure 4.6. From the main 500 mW beam, a \/2-waveplate
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Figure 4.6: Experimental apparatus for locking the 739 nm laser to an iodine stabilized cavity.
25 mW is diverted from the main 500 mW beam by a half waveplate and a polarizing beam splitter
(PBS) into the iodine lock as shown in Figure 4.7 from where the signal is sent to a proportional-
integral-derivative servo controller (PID), the output of which is sent to a cavity piezo. An additional
2 mW of the main beam is sent to a stable reference cavity. The cavity reflection is measured with
a radio-frequency photodiode (RF PD), and this signal is sent through an amplifier and mixed with
the 120 MHz signal modulating the Bias T of the laser. The lock operates by adjusting both the
laser grating and diode current. Because movement of the laser grating cannot adjust the frequency
as quickly as changing the laser diode current, the signal for each is generated using two different
low pass filters followed by a PID.
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and a polarizing beam splitter (PBS) divert 25 mW for the iodine lock. The signal
from the iodine lock is then directed to a proportional-integral-derivative (PID) servo
controller, the output of which is directed to a cavity piezo. An additional ~ 2 mW of
the 739 nm beam is sent onto the cavity (which is made of invar to be less sensitive to
temperature fluctuations). The cavity reflection is measured with a radio-frequency
photodiode, and this signal is sent through an amplifier and mixed with the 120 MHz

signal modulating the current of the laser.
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Figure 4.7: Setup for locking to molecular iodine via saturated absorption spectroscopy. About
25 mW of 739 nm light is incident on the fiber-coupled electro-optic modulator (EOM) and 10 mW
of this light is coupled through the fiber. Approximately 1/3 of this is transfered into the first
sideband, providing 3.5 mW to split into the reference, probe, and pump beams. A voltage-
controlled oscillator (VCO) with a central frequency of 200 MHz is modulated by 22 kHz and sent
into an AOM to modulate the pump beam. A lock-in amplifier mixes the 22 kHz signal with the
signal from the photoreceiver, sending the output through a low pass filter (LP) and finally to a
proportional-integral-derivative controller (PID) which outputs the error signal to the cavity.

Iodine is often chosen as a frequency reference for wavelengths from the near IR to
the disassociation limit at 499.5 nm because of the density of narrow absorption lines

in these regions [111, 112]. These absorption lines can serve as excellent frequency
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references for laser stabilization to a few parts in 107 or better. However, in the
region applicable to Yb™ (739 nm), most of the lines are weak, and the iodine must
be heated to over 600K in order to effectively populate the vibrational levels of the
molecule that are the lower states of these transitions (Figure 4.9). We use an iodine
cell 20 cm in length with two quartz windows 25 mm in diameter and a 5 cm long

cold finger?

. The cold finger is isolated such that it remains at room temperature
(~ 24°C), which is important for limiting the iodine pressure in the cell (Figure 4.8).

This is necessary to avoid collisional broadening of the signal due to the high iodine

pressure.
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Figure 4.8: Lock signal as a function of cold finger temperature.

Figure 4.7 shows the apparatus for stabilizing the cavity to the iodine via saturated
absorption spectroscopy. The 739 nm diode laser produces about 500 mW of output

power, 25 mW of which is sent through a fiber EOM as shown in Figures 4.6 and 4.7.

4This glass cell was made in house by the university glassblower, it was cleaned with acetone, a small crystal of
iodine was placed in the cell, pumped down to roughly 106 Torr and pinched off with a torch. While this cell is
certainly not spectroscopic grade, it is sufficient for the locking requirements in our experiments.
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Figure 4.9: Lock signal as a function of cell temperature. The variable transformer percentage is the
percentage of 120 Volts that is driving the heating element. The temperature is roughly linear with
increasing transformer percentages and 0% represents room temperature, whereas 60% represents
~ 600 K.

This EOM accepts radio frequencies between approximately 10 kHz and 20 GHz,
and 25 mW of optical power at 739 nm can be safely sent into the EOM without
photorefractive effects in the nonlinear crystal. Approximately 10 dBm of rf power

is used for maximizing the power in the first order sideband, which is used for the

iodine spectroscopy.

Due to coupling losses, only 10 mW of the light incident on the fiber EOM is
transmitted, resulting in about 3.5 mW into the first sideband. The beam exiting
the EOM is then split into three paths with a glass plate. Of the 3.5 mW to be used
for spectroscopy, approximately 2.7 mW passes through the plate and then through
an AOM before being focused through the iodine cell. The other two beams are
a 600 uW probe beam that is overlapped with the pump beam in the cell, and a

200 W reference beam that is used to reject intensity fluctuations of the laser. The
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pump and probe beams have a mode radius of about 400 um, and are focused with
+15 cm focal length lenses through the cell to improve the signal-to-noise of the

absorption signal.

The AOM has a central frequency of 200 MHz generated by a voltage-controlled
oscillator and is used to frequency modulate the pump beam for lock-in detection.
The 200 MHz frequency is modulated at 22 kHz with a peak-to-peak amplitude of
about 3 MHz to maximize the resulting signal. The 22 kHz local oscillator is also
sent to a lock-in amplifier as the reference frequency. The probe and reference beams
are incident on an auto-balanced photo-receiver that subtracts the two signals and
sends the output to a lock-in amplifier with a 300 ms time constant. The output
from the lock-in is sent through a low-pass filter and then to a servo controller used

to stabilize the cavity length.

With the cavity length stabilized to the atomic reference line in iodine, the 935 nm
laser is also stabilized against long term drifts by locking to this same cavity, therefore
locking to the stable iodine reference. This is accomplished by first tuning the 935 nm
laser to the desired wavelength and then sending a small fraction of the beam onto
the cavity to generate a side-of-fringe lock signal. As the locked cavity length is
not likely to be an integer multiple of the desired 935 nm wavelength, an additional
fiber-based EOM is used to generate a sideband of 935 nm light resonant with the
stabilized cavity. The transmission of the cavity is sent onto a grating and the 935 nm

power is measured with a photodiode for the side-of-fringe lock.

4.2.3 Measuring the Hyperfine Structure of Iodine Doppler free iodine absorption
lines are located at a detuning of approximately 13 GHz, 9 GHz, and -6 GHz from the
target wavelength of 739.526 nm (twice the wavelength of the 25, /2 ’p, /2 transition

of 1™'YDb ™). Because the fiber EOM used to generate the sideband for spectroscopy
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allows continuous tuning, we can do spectroscopy to measure the hyperfine structure
of the iodine absorption lines by stabilizing the laser to the fluorescence of a trapped
ion with a side-of-fringe lock. This experiment was done with Yb* ion because of
its simpler energy level structure. The 739 nm laser was tuned just red of resonance
(10 MHz relative to the 369.5 nm wavelength), and the offset on the servo was
adjusted such that the count rate on the single photon counting camera remained
fixed. Small fluctuations in the frequency of the 935 nm laser had little effect on the
amount of ion fluorescence because the *Dy/y < *D[3/2]; /2 transition was strongly

saturated.

With the 739 nm laser locked to a trapped ion, the microwave frequency applied
to the fiber EOM was varied in 500 kHz steps over the areas of interest, and the
output of the lock-in amplifier was recorded. Because of the weak nature of the lines
being investigated, each point was integrated for about 1.5 seconds. We mapped out
the structure of the three nearby absorption lines in order to locate the strongest line
for locking. Figure 4.10 shows the hyperfine structure of the line near a detuning
of 9 GHz (I, line #846325163b [112]), where the doublet lines at approximately
8890 MHz generate the strongest signal. For cooling "' Yb™ we lock to one of the
corresponding doublet lines in the 13 GHz feature at 13.141 GHz (keeping in mind
the +200 MHz in the iodine lock setup and the +200 MHz AOM used for turning

on and off the 369.5 nm cooling beam, shown in Figures 4.7 and 4.12 respectively).

4.2.4 Ytterbium as a qubit An energy level diagram for the '""Yb* qubit and the
relevant hyperfine splittings are shown in Figure 4.11. The 25, |F' = 1,mp = 0)
state is defined to be logical qubit state |1), and the 25y, [F = 0,mp = 0) state
is defined to be |]). Note that this is opposite from the cadmium ion because the

magnetic moment of *Yb™ is pry, > 0, whereas the magnetic moment of " Cd*

45



0.4-
0.2-
El
o
= 0.0 1]J W
c
k=)
(Va)
-0.24
041
8200 8400 8600 8800 9000

Fiber EOM Frequency [MHZz]

Figure 4.10: Hyperfine structure of the iodine absorption line. This displayed line is located
~ 8.6 GHz away from the 25 5 to 2Py transition of 1™ Yb™.

18 prca < 0.

As with the cadmium ion, the qubit must first be initialized to a known state for
quantum information protocols. Light resonant with the 25} ,F =1 < 2Py o F =1
transition is used to initialize the ion to the ||) state via optical pumping (Fig-
ure 4.11). A sideband is added to the resonant 369.5 nm laser by a 2.1 GHz EOM
which excites the ion from 25}, F =1 to Py o F = 1, from where it has a 1/3 chance
of decaying to the ||) state, resulting in a 1/e time for pumping to the |]) state of
approximately 200 ns. The 2.1 GHz EOM is only turned on for state initialization

(Figure 4.12).

When excited to the *P;pF = 1 manifold (either off-resonantly or while being
pumped to the [|) state), the ion has a chance to decay to the Dj /o F' = 2 manifold.
As mentioned before, a 3.06 GHz EOM sideband on the 935 nm laser pumps out

of this state. In addition to its importance for maintaining cooling, this sideband
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Figure 4.11: The '"'Yb* qubit. The 25;,5 |F = 1,mp = 0) state is defined to be [1) or “bright”,
and the 251/2 |F' = 0,mp = 0) state is defined to be |]) or “dark”. The hyperfine splitting of the
2P1/2 level is 2.1 GHz and the splitting of the 251/2 level is 12.6 GHz. The linewidth of the 2P1/2
|F'=0,mp = 0) state is 23 MHz. (a) Initialization to |]). (b) Detection of the qubit state. If the
qubit state is |1) it is resonant with the detection beam and scatters many photons. Note that even
with the branching ratio to the 2Dy /2 state, the detection beams still create a closed transition,
separate from the ||) state. If the state is ||) it sees no resonant light and scatters no photons.
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Figure 4.12: Experimental setup for initialization, manipulation, and detection of the ytterbium
qubit. The EOMs are tuned to the hyperfine splittings of the S and P states, and the AOMs serve
as fast acting switches for turning the beams on and off. The repump/cool beam is tuned such that
the beam is about half a linewidth away from resonance to give the most efficient cooling. The
pump/detect beam is tuned 7 MHz closer to resonance than the repump/cool beam in order to
generate more scattering events and reduce the amount of time needed to detect.

is also necessary for fast and efficient state initialization to ||) because of the long

lifetime of this metastable state.

Once prepared in the ||) state, the ion can be rotated between ||) and |T) via
microwaves resonant with the hyperfine splitting (12.6 GHz), where the different
Zeeman levels are resolved with an applied magnetic field. Rotations between |T)
and |]) are shown in Figure 4.13. This plot also demonstrates the high detection

efficiency of the '™ Yb™ qubit, shown here to be ~ 98.5%.

For detection, a beam resonant with the 251/2F =1 to 2P1/2F = 0 transition is
sent onto the ion and the number of scattered photons on a PMT is recorded. The
|T) state is resonant with the applied light and scatters many photons, whereas the
||) state of the ion is off resonance by 14.7 GHz and will scatter very few photons.

If the number of detected photons during the measurement interval is greater than
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Figure 4.13: Rabi flopping of the 1"Yb* qubit. This graph shows the Rabi flopping between the
|l) and |T) states where the probability of |1) is measured as a function of the microwave pulse
time. The 7 time of the microwaves is ~ 6 us at a frequency of ~ 12.642 GHz.

the set discriminator value, then the ion is measured in the |1) state, whereas if the
number of detected photons is less than the discriminator, then the ion is in the |])
state.

Errors in detection result from off-resonant coupling between the bright and dark
states. A detailed study of the theoretical detection fidelity limit for different ion
species was done by Acton et. al. in reference [113]. For a detection efficiency p =
1073 (one out of every 1000 emitted photons is observed) and saturation parameter
of 0.25 for the detection beam, the fidelity of the measurement can be at most 99.5%
for the '"'Yb* qubit®. Most of the error occurs in off-resonantly exciting to the
2Py joF = 1 manifold (which can decay to the dark state) when in the bright state

because of the 2.1 GHz ?P, /, state hyperfine splitting.

5A small correction to the calculation in reference [113] involves the inclusion of the 2D3/2 state, which reduces
the brightness of the ion because photons emitted when the ion decays from 3D[3/2}1/2 — 251/2 are not detected.
Additionally, off-resonant pumping by the 935 nm light can occur. We estimate that given a transition probability
of .005 to the 2D3/2 states, these additions to the calculation constitute about a 1% change in the amount of error.
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4.3 The Ion Trap

In order to trap ions for periods of time sufficiently long for experiments on quan-
tum information, the ions must be trapped in ultra high vacuum (UHV) chambers.
Experimentally, this requires pressures on the order of 10~ Torr to limit reduce
the collision rate with background gases. With these pressures maintained in our
chambers, background collisions occur at an estimated rate of once per minute, but
with experimental repetition rates on the the kHz timescale, these collisions are not
an issue. Further, because of the depth of the ion traps used in these experiments,
typical background collisions will not eject the ions from the trap, and the average
lifetime of ions in our traps is on the order of days (even in the absence of laser
cooling). A schematic of the vacuum chamber used in our ytterbium experiments is

shown in Figure 4.14.

There are two different geometry ion traps used in the experiments described in
this thesis (Figure 4.15). The first of these is an asymmetric ring-and-fork trap of
characteristic size ~ 700 pm [115]. This trap was used in the early experiments
with cadmium because of its simple geometry and construction, and its usefulness
for trapping single ions (Figure 4.16). However, because of the electrode geometry,
multiply trapped ions will align in the plane of the ring (along the x-axis seen in
Figure 4.15(a)). Since the rf null is located only in the middle of the circular ring,
two ions cannot be simultaneously located at the rf null and will thus have unwanted
micromotion. Figure 4.17 shows the modes of motion of three ions in the ring-and-
fork trap. When properly cooled (Figure 4.17(a)), the ions align in a linear chain,
however when driven close to resonance, the ions are not efficiently cooled and can

be excited to normal modes of motion in all three dimensions (Figure 4.17(b-e)).
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Figure 4.14: Ion trap UHV chamber.
is located within the spherical octagon.

e

-
Chamber with ion trap

In this schematic of the vacuum chamber, the ion trap
Also visible in this schematic is the primary vacuum

pump (a 20 Liter StarCell ion pump) used for removing background gas once the system has been
pumped out. This pump can maintain an environment of below 5x10-12 Torr, as measured by
a tungsten filament ionization gauge. Also visible is a titanium sublimation pump which is fired
whenever the pressure in the chamber gets too high. When fired, the sublimation pump removes
unwanted background gases by chemically reacting with them for easier pumping via the ion pump.
Typically, the titanium sublimation pump only needs to be fired after initially sealing and baking

the chamber [114].
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Figure 4.15: Ion traps. (a) “Ring-and-fork” trap used for early experiments in cadmium. (b) Four
rod “linear” trap used for later experiments in cadmium and all experiments in ytterbium.

Figure 4.16: Image of the ring-and-fork trap. Also visible in this image
electron guns used to load ions within the trap.

—
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Figure 4.17: Modes of motion in the ring-and-fork ion trap. (a) Three trapped ions Doppler cooled.
(b-e) Three trapped ions excited with near resonant light. When driven so near resonance, the ions
are not efficiently cooled and can be excited to normal modes of motion in the trap.

For the confinement of multiple ions along an rf null, the trap must have a linear
geometry. With this geometry, an rf null is created along the x-axis shown in Fig-
ure 4.15(b). Radial confinement in these traps is provided by applying rf voltage to
opposing rods and rf ground to the other two rods (Figure 4.18). Axial confinement
is provided by applying a small static voltage to the end-cap rods. Because of the
end-cap rods, these traps are not perfectly linear, as seen by the phase shift from a
linear chain of ions to a zig-zag shape chain in Figure 4.19 upon application of much
higher end-cap voltages (100s of volts in our case). These four-rod linear quadrupole
traps have rod spacings of 0.5 mm and end-cap spacings of 2.6 mm. The rf drive
frequency is 7 /27 ~ 37 MHz and the center of mass secular trapping frequencies
are (wy, wy,w,)/2m =~ (0.2,1,1) MHz. Residual micromotion at the rf drive frequency

is carefully reduced by applying static offset voltages to the trap rods.

In either of these traps, the rf voltage is applied via a helical resonator is used

to drive high voltages with low current [115]. Figure 4.20 shows the quarter wave
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resonator used to drive this high voltage and consists of an inner helical conductor
inside a conductive cylinder. In addition to carrying the high voltage rf source, the
inner helical conductor can have a static offset voltage for compensation of micromo-
tion. For driving the rf on the four rod linear trap, a similar double-helical resonator
is used with two congeneric helical conductor coils wound side by side. The reason
for driving the rf on opposing rods with separate helical conductors rather than a
single conductor is for the minimization of micromotion — with the ability to apply
independent dc voltages on all four rods, the ion can be positioned in the rf null

without the need for additional offset dc electrodes.

ions

Figure 4.18: Cross-section of the four-rod linear trap. Radial confinement is provided by applying
rf voltage to opposing rods and dc voltages to the other two rods. The ions are trapped along the
line in the center of the four rods.

4.4 The Imaging system

Collection of the emitted photons is necessary for ion-photon entanglement as
well as for further state detection of the ions. For this purpose we use one of two air
spaced triplet UV objective lenses with an infinite conjugate ratio design. The first is

from CVI Laser (part UV0O-20.0-10.0, with the appropriate coating), and the second
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Figure 4.19: Linear ion crystal to zig-zag crystal. (a) Ions in a linear trap typically align in a linear
crystal. (b) With the endcap voltages increased, the axial secular frequency becomes comparable
to the radial secular frequencies and the crystal undergoes a phase change to a zig-zag crystal.

is from Special Optics (part 54-17-29-370nm). These lenses were chosen for their
off-the-shelf availability, relatively low cost, high numerical aperture, and sufficiently

long working distance. Specifics of these lenses are listed in Tables 4.1 and 4.2.

Lens | F/# | NA | WD (mm) | CA (mm) Wavelength Price ($US)
CVI | F/2.1 | 0.23 13 10 193-248, 355-532 $2760
SO | F/1.7 | 0.27 19 17 248-400 $980

Table 4.1: Imaging lens triplet general information. The CVI Laser part number is UVO-20.0-
10.0-193-248 for cadmium and UV0-20.0-10.0-355-532 for ytterbium. The Special Optics (SO) lens
is part number 54-17-29-370nm (for ytterbium only). F/# is the F-number, NA is the numerical
aperture, WD is the working distance, CA is the clear aperture, Wavelength is the anti-reflective
(AR) coating range.

Lens | L1,SI | LI,T | L1,S2 | Sep | L2,S1 | L2,T | L2,S2 | Sep | L3,S1 | L3,T | L3,52
CVI | 381 | 40 | -11.9 | 05 | 337 | 40 | 205 | 053 | 353 | 6.0 | -25.8
SO | 2126 | 3.0 | 829 | 1.8 | -1444 | 40 | -187 | 0.2 | 181.8 | 4.8 | -30.7

Table 4.2: Imaging lens triplet specifications. Li,Sj corresponds to lens i and surface j where the
three lenses each have two surfaces. Li,T is the thickness of lens 7 and Sep is the separation between
the lenses.

To utilize these lenses in our setup we first modeled them using OSLO optical
design software. The results of this modeling optimization can be seen in Figure 4.23,
where the relative irradiance of the point spread function in the image plane (IMS)

is optimized by adjusting the distance between the triplet lens and the ion. In

our case, the ion is located ~ 8.5 mm from the surface of the vacuum window of
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Figure 4.20: Helical resonator. A helical resonator is used to drive high voltages on the trap
electrodes. This quarter wave resonator consists of an inner helical conductor inside a conductive
cylinder. On the left is a schematic drawing, and on the right are photographs of the actual resonator
used to drive the rf on the ring-and-fork trap. Offset voltages are applied to the grounding wire
and the rf coil for compensation of micromotion. (Figure reproduced with permission from M. J.
Madsen [114].)
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Figure 4.21: Image of the linear trap. This particular setup was for the cadmium system. One
significant change for the ytterbium system is the alignment of the atomic ovens to be approximately
90 degrees to a beam axis for isotopically selective loading.

thickness 3.3 mm. The distance of the lens from this vacuum window (“thickness” of
“air” between the window and the first lens) was adjusted to maximize the relative
irradiance of the point spread function and find the distance to the image plane.
Figure 4.23 shows the optimization corresponding to a separation of 3.47 mm between
the vacuum window and the first lens, resulting in the image plane 285.4 mm after
the last lens. To reduce the presence of unwanted scattered photons (off electrode
surfaces, or even room lights), a pinhole of ~ 500 pum was placed at this image plane.
This intermediate image is then reimaged onto a camera or a single photon sensitive
photomultiplier tube (PMT) using a doublet lens (two plano-convex lenses each of
focal length ~ 75 mm depending on the desired magnification). The camera used
in our system is a Quantar Technology 2401B Position Analyzer which is sensitive
to positions in and x-y plane with 1024 x 1024 spatial digitization over a one inch

active area with a quantum efficiency of ~ 5% between 214 nm and 369 nm. The

57



Figure 4.22: Image of the linear trap with reentrant viewports. (a) View through the reentrant
viewport. This is the same view as the imaging system. (b) View through one of the smaller
viewports. This is the path a laser takes through the trap.
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FWHM spatial resolution is better than 60 pym. The PMTs used are Hamamatsu
H8259 (H6240) Photon Counting PMTs with a quantum efficiency ~ 15 —20% over
this same wavelength range. Typical dark counts on these PMTs are on the order of

100/second.
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Figure 4.23: OSLO simulation of the 214.5 nm imaging setup. As seen in this screenshot from
OSLO, the optimal distance for the lens from the chamber window is 3.47 mm, resulting in an
image distance of ~ 285.4 mm (highlighted). The “Surface Data” window displays the radii of
curvature and thickness of each element, the “Autodraw” window displays the imaging system, and
the “PSF Analysis” shows a scan of the point spread function of the image of the ion.

In cadmium, in addition to imaging the 214.5 nm radiation, we were also interested
in imaging light from the 25, /2 ’p /2 transition at 226.5 nm. As can be seen in
Figure 4.24, because of the chromatic aberration in the imaging system, light at

226.5 nm is not focused to the same intermediate image plane. In order to image
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light at 226.5 nm, the imaging lenses needed to be moved further away from the
ion by ~ 0.37 mm (Figure 4.25). This allowed us to selectively image radiation
at different wavelengths, and was further used to image yet another transition at
231.35 nm as described in Appendix B. The results from OSLO were very good

simulations of how far to move the triplet lens to image different wavelengths.
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Figure 4.24: OSLO simulation of 226.5 nm light collection at the 214.5 nm setup. Because of
chromatic aberration in the imaging lens, the 226.5 nm light does not have the same focal plane.
The setup used for imaging the emitted photons on the camera and the PMTs
for state detection in the ytterbium system is shown in Figure 4.26. However, as
mentioned before, the relatively long wavelength of the 25, J2 ’p /2 transition in
ytterbium at 369.5 nm also allows use of single-mode fibers. Optimization of coupling

into a single-mode fiber was also simulated using OSLO. As shown in Figure 4.27, we
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Figure 4.25: OSLO simulation for the lens readjustment for collection of 226.5 nm light. By
moving the imaging lens away from the ion by & 370 pm (see highlighted selection and compare
to Figure 4.23), the image plane is again 285.4 mm with a similar PSF as compared to that of
214.5 nm.
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used a CVI Laser triplet lens to collect the emitted photons and an aspheric lens to
couple the collected light into the fiber. The overlap of our ion image from the CVI
lens with the input mode of the fiber was approximately 76%. After accounting for
transmission losses and reflective losses because the faces of the fibers were not AR
coated, this fiber coupling troughput decreases to 55%. Experimentally, we achieved
a maximum coupling of between 25-30%, estimated by comparing the count rate on
a PMT after the fiber compared to the count rate on a free-space PMT. This number
is somewhat lower than the potential 55%, but not too disappointing considering the

non-ideal spatial mode characteristics of these triplet lenses (see Section 7.3).
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Figure 4.26: OSLO simulation of the 369.5 nm free-space imaging setup. The imaging system for
the ytterbium ion is similar to that of cadmium, but with a different triplet imaging lens.
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Figure 4.27: OSLO simulation of the 369.5 nm fiber-coupling imaging setup. The fiber coupling
estimation from OSLO shows that if everything is aligned perfectly, we may expect an ~ 76% mode
overlap with the collected mode of our ion and the input mode of the fiber. As will be discussed in
more detail in Section 7.3, the imaging system is certainly not perfect. Our maximum fiber coupling
efficiency through the fiber is estimated to be between 25-30% by comparing the count rate on the
PMT after the fiber to the free-space PMT.
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CHAPTER V

Experiments with Ions and Photon Polarization Qubits

As mentioned in the introduction, the first system with sufficient control for direct
measurement of entanglement between matter and light was our trapped cadmium
ion system [116, 15]. While matter-light entanglement had been implicit in many
experimental systems leading up to our experiments [117, 118, 119, 5, 6, 75, 120,
121, 122, 123, 124, 116, 15, 125, 126, 18], ours was the first to explicitly measure
non-classical correlations of the states between an atom and a photon. In our ex-
periments, a photon is spontaneously emitted from a single trapped atomic Cd™"
ion, which is initially excited to a state with two decay channels. Along a certain
emission direction selected by an aperture, the photon’s polarization is entangled
with particular hyperfine ground states in the de-excited atom [Figure 2.1(b)]. The
entanglement is directly verified through subsequent polarization analysis of the pho-
ton and state detection of the trapped ion. Given the small collection solid angle
and other losses, the post-selected probability of detecting the ion-photon entangled
pair P, in a given trial (which relies on the detection of the emitted photon) is
small. This is reminiscent of the production of entangled photon pairs through spon-
taneous optical parametric down-conversion [127], but in this system one of the two

daughter qubits resides within a trapped atomic ion — perhaps the most reliable of
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all qubit memories [128]. Hence, when this probabilistic entanglement generation is
accompanied by conventional quantum gates between local trapped ions [22, 24, 38],
it can form the basis for a scalable architecture for quantum communication [129]

and computation [89]

5.1 Entanglement Generation

A diagram of the experimental setup is shown in Fig. 5.1. We trap and laser
cool a single ''"'Cd™ ion in the asymmetric-quadrupole ring-and-fork radio frequency
trap described in Chapter IV. As mentioned in Chapter III, it is not necessary
to laser cool the ion to the Lamb-Dicke limit. Several laser pulses tuned near the
28, /2 2p, /2 atomic resonance at 214.5nm (1) initialize the internal atomic qubit
state, (2) excite the atom for the subsequent spontaneous emission of a photon, and
(3) detect the internal state of the atom. An applied magnetic field of B ~ 0.7 G
provides a quantization axis for definition of the photon polarization and the internal
atomic qubit levels, stored in 25; /2 hyperfine ground states.

Figure 5.2 shows a diagram of the relevant energy levels of the '"'Cd" atomic
ion, along with the step-by-step description of the experimental procedure. A short
m-polarized laser pulse followed by a resonant microwave transfer pulse initializes
the ion in the |1,0) state (Fig. 5.2a). A 50-ns pulse of o-polarized laser light
weakly excites the ion to the ?Psj]2,1) state!, which has a radiative lifetime of
T ~ 2.65 ns [95]. The ion then spontaneously decays to either the 25 5|1,1) = |T)

ground state while emitting a m-polarized photon, or the 25),,|1,0) = ||) ground

LAn alternative option for exciting to the 2P3/2\2, 1) state would be to excite from the 251/2 |1,1) state using
m-polarized excitation light. However, this was not done originally since confidence in alignment of the o -polarized
light is much better than the m-polarized light. This is because great care was taken to align the oT-polarized
light for qubit state detection, which has a very strong dependence on the quality of the ot light. No such strong
dependence exists for the m-polarized light. Later (unpublished) experiments were performed using this alternative
method which has the advantage that the repetition rate can be much greater — you can pump to the 251/2 [1,1)
state using o1 -polarized light and immediately drive the ion to the excited state without the use of a microwave
pulse. While this method resulted in a slightly lower fidelity, the increase in speed would be important for remote
ion entanglement where the success probability Pj-, is small.
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Figure 5.1: Experimental apparatus for ion-photon entanglement. Following excitation of the atom
from a 50 ns laser pulse, the scattered photons are collected by an imaging lens, directed to a po-
larizing beam splitter (PBS), and registered by one of two photon-counting photomultiplier tubes
(PMTs). A \/2 waveplate is used to rotate the photon polarization for photonic qubit measurements
in different bases, and the microwaves are similarly used on the ion to drive coherent transitions
between the atomic qubit hyperfine ground states at a frequency near 14.5 GHz. Following appli-
cation of the microwaves, a 125 us laser pulse is directed on the ion for atomic fluorescence qubit
state detection.
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Figure 5.2: FExperimental procedure for atom-photon entanglement with photon polarization
qubits [116, 15]. (a) The atom is initialized to the |1,0) state via optical pumping to the |0,0)
state and a microwave (uwave) transfer pulse. (b) The atom is weakly excited with a 50-ns o*-
polarized optical pulse, resulting in spontaneous emission to either state ||) or state |1) (separated
by frequency § ~ 27(1.0 MHz)), accompanied by emission and detection of a photon polarized in
state |H) or state |V), respectively (when viewed perpendicularly to the quantization axis). The
resulting entangled state is \/1/3|]) |H) + 1/2/3|1) V). (c) A microwave pulse resonant with the
|1,1) < ]0,0) transition coherently transfers the population to the “clock” qubit states. (d) A sec-
ond microwave pulse prepares the atomic qubit for measurement in any basis. (e) A o+-polarized
laser pulse performs state detection of the atomic qubit using resonance fluorescence techniques.
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state while emitting a o*-polarized photon (Fig. 5.2b). The single photon pulses
are collected with the CVI triplet lens of numerical aperture 0.23 whose axis is
perpendicular to the quantization axis. As described in Chapter II, the states of
polarization of the o™ and the 7w photons along this direction are orthogonal: the
former (defined as |H)) is polarized perpendicular to the quantization axis, while
the latter (defined as |[V)) is polarized along the quantization axis. The resulting
state created upon a photon emission in this direction is \/§|l>|H) + \/§|T)|V>,
which exhibits an entanglement fidelity of 0.97 under ideal conditions with respect
to a maximally entangled Bell state?. During a successful entanglement event, the
collected photon first passes through a polarization rotator (a A\/2 waveplate) and is
sent to a polarizing beam splitter. The two polarization components are then directed
to photon-counting photomultiplier tubes (PMTs), each of quantum efficiency n ~
20%. Following a single photon detection on either PMT, a microwave rotation
is applied to the atom, which prepares the atomic qubit to be measured in any
basis. This measurement is performed with a o*-polarized detection pulse following
standard trapped ion fluorescence techniques (Fig. 5.2e) [130, 113], with an atomic

qubit detection efficiency greater than 95%.

We first measure the conditional probabilities® of detecting a certain atomic qubit
state given the photonic qubit state after ~1,000 successful trials in an unrotated
basis. Before atomic qubit measurement, the |1, 1) = |T) state is shelved into |0,0) =
’T> before state detection (Fig. 5.2¢). The resulting probabilities are plotted in

Fig. 5.3, with P(||H) = 0.9740.01, P(1|H) = 0.0340.01, P(]|V) = 0.06+£0.01 and

2Unit fidelity could be achieved by detecting the scattered photons along the quantization axis, with the initial
atom excitation to a |mp = 0) excited state, such that only o+- and o~ -polarized photons are collected [see Fig-
ure 2.1(c)]. We avoid this option, however, as it would require placement of PMTs in a direct line-of sight with the
ot-polarized atomic qubit detection laser beam.

3Probabilities are reported conditioned on the polarization state of the detected photon because the two output
ports of the PBS have different transmission and detection efficiencies. Specifically, the side port of the PMT was
only approximately 70% as efficient as the through port.
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P(1]V) = 0.94 £ 0.01, where the errors are statistical. To verify entanglement, we
repeat the correlation measurement in a different basis of both photonic and atomic
qubits. The photon polarization is rotated by 45° using the \/2 waveplate, and
the atomic qubit is rotated by applying microwaves driving the |1,0) < |0,0) and
the |1,1) < ]0,0) transitions as indicated in Fig. 5.2(c-d) and described in detail
in Appendix A.2. Both qubit rotations are through an effective Bloch polar angle
of m/2, and the relative phase of the photonic and atomic qubit rotations is given
by ¢ = 0t + ¢,,, where 6 ~ 27(1.0 MHz) is the Zeeman splitting between the |1,0)
and the |1,1) levels, and ¢t ~ 1 pus is the time delay between the photon emission
and the application of the microwave pulse of phase ¢. Varying the relative phase
of the two qubit rotations by adjusting ¢ produces the correlation fringes shown in
Fig. 5.4(a). Figure 5.4(b) shows the values of conditional probabilities at the point
of maximum correlation, ¢ = 0. These probabilities are P(]|H) = 0.89 4+ 0.01,
P(1|H) =0.11+£0.01, P(l|V) = 0.06£0.01 and P(T|V) = 0.9440.01. If the atomic
and photonic qubits were not entangled but instead prepared in a statistical mixture,

then all of these conditional probabilities would have been 0.5.

From these measured correlations, we calculate a bound on the entanglement
fidelity to be .# = 0.87 (described in the Appendix C.1), somewhat lower than
the potential 0.97 fidelity described above, but still significantly larger than the
entanglement threshold of .# > 0.5 [27]. Several factors contribute to this decrease
in fidelity, including: multiple excitations of the atom during the pump pulse (2.5%),
mixing of the photon polarizations owing to the nonzero solid angle (0.5%), imperfect
rotations of the atomic qubit, mainly due to a 50-ns jitter in the delay ¢ (1.5%),
background counts and dark counts on the PMTs leading to false positives (5-10%),

and imperfections in the polarizing beam splitter (3%). We estimate that magnetic
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Conditional probability P(S|I1)

S 1)

Figure 5.3: Measured conditional probabilities in the unrotated basis (no atomic or photonic qubit
rotation before measurement). The bars indicate the probabilities P(S|II) of detecting atomic qubit
states S = ||) or |1) conditioned upon detecting photon qubit states II = |H) or |V)
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Figure 5.4: Measured conditional probabilities in the rotated basis. Conditional probabilities after
both atomic and photonic qubits are rotated by a polar angle of 7/2 in the Bloch sphere. (a)
Measured conditional probabilities P(1 |H) and P(T |V) as the relative phase ¢ between the
atomic and photonic rotations is varied. (b) Measured conditional probabilities P(S|II) at the
point of highest correlation, defined as ¢ = 0. If the atomic and photonic qubits were not entangled
but instead prepared in a statistically mixed state, then all conditional probabilities in the figure
would have been 0.5.
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field fluctuations affecting the atomic qubit reduce the fidelity by <1%. All sources
of errors combine to give a ~9% reduction of entanglement fidelity, consistent with

the observation.

As mentioned in Chapter II, this entanglement generation is a probabilistic pro-
cess. With the cw excitation scheme, the probability of emitting a single photon in
each trial is restricted to p. &~ 0.1 to suppress multiple-excitations. The resulting
success probability is P, , = penT (AQ/47) = (0.1)(0.2)(0.4)(0.02) ~ 1.6 x 10~*. The
experiment repetition rate is R = 1/T,,, = 10%*s™!, resulting in an entanglement
generation rate R, , = P, R~ 1.6s".

Several improvements could significantly increase this yield. The repetition rate
R could approach the excited-state spontaneous emission rate of 1/7 ~ 108s71.
Using a fast, tailored laser pulse for the excitation could push p. toward unity, while
eliminating multiple excitations. In addition, an imaging lens with a larger numerical
aperture would improve the collection solid angle. A trade-off here is that higher
collection efficiency comes at the cost of lower fidelity of the entangled state, which
can be shown to vary as .# = 0.97—0.24(AQ/47) for AQ < 4x. An alternative is to
surround the ion with an optical cavity [36, 66] that would allow the collection of most
of the photons scattered in each experiment and effectively make A /4w approach
unity without sacrificing fidelity. It is important to note that this cavity need not be

in the strong-coupling regime, as it affects only the entanglement efficiency, not the

fidelity.

5.2 Bell Inequality Violation

In addition to the measurement of fidelity, entanglement can be verified by mea-

suring non-classical correlations in order to violate a Bell inequality. As discussed
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in the introduction, the famous 1935 Einstein-Podolsky-Rosen thought experiment
showed how measurements of certain entangled quantum systems require a nonlocal
description of nature [1], thus leading to the suggestion that quantum mechanics
is incomplete. However, starting in 1965, Bell and others discovered that certain
measured correlations between multiple systems, averaged over many identical tri-
als, must obey particular inequalities for any local (hidden-variable) theory to apply
[2, 4]. Experiments showing violations of these Bell inequalities followed shortly
thereafter involving entangled photon pairs [5, 6, 7, 8, 9], low-energy protons [10],

neutral kaons [11], trapped atomic ions [12] and individual neutrons [14].

In this section, I report our measurement of a Bell inequality violation ion our
cadmium ion system, representing the first violation of a Bell inequality in a hy-
brid system. While this experiment closes neither the locality [7, 9] nor detection
[12] loophole, the atom-photon system has future promise to close both loopholes

simultaneously (Section 10.2).

The form of Bell inequality violated in our experiment was first proposed by
Clauser, Horne, Shimony, and Holt (CHSH) [4]. Their extension of Bell’s original
work accommodates non-ideal (experimentally realizable) systems and requires (i)
the repeated creation of identical entangled pairs of two-level systems (qubits), (ii)
independent rotations of the two qubits, and (iii) measurement of the qubits, each
of which has two possible outcomes, |0); or |1);, where i refers to qubit A or B. The
inequality is based on the statistical outcome of correlation function measurements

defined as,

q(04,08) = foo(0a,05) + f11(04,0B)

—f10(04,08) — fo1(04.05), (5.1)
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where f,3(04,0p) is the fraction of the total events where particle A was in state
|a) 4 and particle B was in state |3) g following rotations by polar angles 64 and 0p
on the Bloch sphere*. CHSH show that all local hidden-variable theories must obey

the inequality

B(0a1,042;051,082) = |q(0a2,052) — q(0a1,052)]

+1q(0a2,081) + q(0a1,081)] < 2. (5.2)

According to quantum mechanics, however, this inequality can be violated for cer-
tain states and measurements. For instance, quantum theory predicts the state
|T;) = (|0)4]0)5 + 1) 4]1) 5)/V/2 has a correlation function ¢(f4,05) = cos(64 — 0p).
This results in a maximum violation of Eq. (5.2) for certain settings; for example,
B(0,7/2;m/4,3m/4) = 2V/2.

The experiment follows the same three steps as above, with a single photon qubit
composed of two orthogonal polarization directions, and a single atom qubit stored
in the ground state hyperfine (spin) levels of a trapped "'Cd™ ion. As in the pre-
vious section, the atom and photon are probabilistically entangled following the
spontaneous emission of a photon from the 2P; /2 |2,1) excited state of the atom to
multiple ground states, resulting in the entangled state: \/1/3[1) [H)++/2/3|1) V)
[Figure 5.2(b)].

Following the photon detection on either PMT, two phase-coherent microwave
pulses are applied to the ion. The first pulse performs a complete population transfer
from the |1,1) ground state to the |0,0) ground state [Fig. 5.2(c)], transferring the
atomic qubit to the states [1,0) = ||) and |0,0) = |1), as required for atomic qubit
state detection. The second pulse, resonant with the |0,0) < |1,0) transition, rotates

the atomic qubit by any amount in the Bloch sphere Rg(fs, ¢g) determined by the

4Equation 5.1 is equivalent in form to the expectation value of the parity operator, (agA)agB)).
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pulse length and phase [Fig. 5.2(d)], and is followed by measurement of the atomic

qubit [Fig. 5.2(e)].

The use of two microwave pulses is not only important for the subsequent atomic
qubit detection, but also simplifies the phase-locking of atomic and photonic qubit
rotations. In order to reliably rotate the atomic qubit with respect to the photonic
qubit, it is important to control the microwave phase with respect to the arrival
time of the photon, which occurs randomly within a 50 ns window. For example,
if the atomic qubit begins in the initial state (||) + [T))/v/2 and is rotated directly
with a single microwave pulse, Rg(0s,05), the final state measurement would depend
on the absolute phase of the microwave source, with a probability of measuring || )
of P(]])) = (1 — cosggsinfg)/2. However, if before the qubit rotation pulse, the
population of one of the qubit states is first completely transfered to another state
(ie. [1) — |1) via a Rg(fg = 7,¢g) transfer pulse), then the final state measurement
depends only on the phase difference between the two microwave pulses: P(]])) =
(1 — cos(¢s — ¢g)sinfs)/2. Hence, the phase of the atomic qubit rotation can be

easily controlled by setting the relative phase of the two microwave sources.

A complete measurement of the CHSH form of Bell inequality requires the accu-
mulation of four correlations, with maximum violation occurring when one qubit is
rotated by 64 = 0,7/2 and the other by 5 = 7/4,37/4. Here, two complete in-
equality measurements are taken by rotating the ion by 0 = 0,7/2 (s = 7 /4,371 /4),
and rotating the photon by 0p = 7/4,37/4 (0p = 0,7/2). Each correlation measure-
ment consists of approximately 2000 successful entanglement events and takes around
20 minutes, requiring about 80 minutes for the complete Bell inequality measure-
ment. From these correlation measurements, the Bell signals are B = 2.203 4 0.028

(B = 2.2184+0.028), where the uncertainties are statistical (Table 5.1). One possible
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source of systematic error considered is the unequal efficiencies of the photon detec-
tors, where as mentioned above, the side port of the PMT was only approximately
70% as efficient as the through port. In order to give the proper weight to the data
collected on each PMT, each correlation measurement consists of two runs, in which

the role of the two PMTs are reversed via a 45 degree rotation of the \/2 waveplate.

0s Op  q(fs,0p)
0 n/d 0.558
0 3n/4 0519 B(051=0,050=1/2;0p1=1/4,0ps=3m/4) = 2.203 £ 0.028
w/2  w/4 0.513
/2 3r/4 0.613
Os Op  a(0s.6p)
/L0 0.636
74 w/2 0461 B(0p1=0,0py=m/2; 1= /4, Osa=37/4) = 2.218 £ 0.028
3r/4 0 -0.516
3n/4 w/2 0.605

Table 5.1: Results of the Bell inequality experiments.

Upon emission of the photon, the two qubits would ideally be in the entangled
state | W) igear = (1) [H)p+|T) |V)p)/V/2, while the actual prepared state, represented
by the density matrix p, has a fidelity of # = ;4ea (V|| V)igeas = 0.87 [116]. Depend-
ing on the particular decomposition of the density matrix, this should produce a
Bell signal between 2.09 and 2.46. Hence, our measured values agree well with the
predictions of quantum mechanics and violate the Bell inequality by greater than
seven standard deviations.

While these results are in good agreement with quantum mechanics, neither the
detection nor the locality loopholes are closed. The locality loophole is the theory
that if the measurement of one particle falls within the backwards lightcone of the
other particle, then the measurement of the second particle could still be determined
by local hidden variables, while the detection loophole points out that without a
sufficiently high detection efficiency of the entangled pair, the subset of pairs detected

must be assumed to represent a “fair sample” of all created pairs [131].
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In our experiment, the probabilistic nature of photon detection leaves open the
detection loophole, as the results rely on the detected events representing a fair
sample of the entire ensemble. Similarly, the locality loophole is not closed since the
photon’s polarization rotation and detection take place approximately 1.1 meters
away from the atom, and the detection of the atomic qubit takes 125 us, falling well
within the backward lightcone of the photonic detection event. On the other hand,
the detection and locality loopholes have been previously closed in two separate
experiments involving pairs of entangled ions where the detection efficiency of each
ion is near perfect [12], and entangled photons with entangled photons that were
separated by a distance sufficiently far for the “spacelike” separation of the two
measurement apparatuses [6, 9]. Yet, despite a number of proposals [132, 133, 134,
54], no experiment to date has simultaneously closed both loopholes. However, as
will be discussed in Chapter X, the method demonstrated in this Chapter, may
provide the first step toward such a loophole-free Bell inequality test involving pairs

of remotely-entangled ions [54].
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CHAPTER VI

Experiments with Ions and Photon Frequency Qubits

As described in Chapter II, in addition to two orthogonal polarizations, the pho-
tonic qubit can alternatively be composed of two resolved frequencies. However,
qubit rotation and detection of the two frequency components is difficult. Nonethe-
less, indirect evidence of the entanglement between an atomic qubit and a photon
frequency qubit was demonstrated in our cadmium ion system using the technique
from Figure 2.1(f) [65]. (For an detailed discussion on this experiment, see the Ph.D.

thesis of Martin Madsen [114].)

A diagram of the relevant energy levels and a description of the experiment are
given in Figure 6.1. First, the ion is optically pumped to |0,0) = |1), and a microwave
pulse prepares the ion in a superposition of the clock states (||) + [1))/v/2, where
|1,0) = ||) [Figure 6.1(a)]. Next, a single m-polarized ultrafast laser pulse coherently
drives the superposition to the corresponding clock states in the excited 2P /2 levels
with near unit probability, |2,0) = ||’) and |1,0) = |1’), resulting in the superposition
(|1"y 4+ 1)) /v2. Cross-coupling between the levels |T) « [|’) and []) « [1") is
prohibited by selection rules. After spontaneous emission of a w-polarized photon
into the appropriate mode, the atom and photon would be in an the entangled

state (1) ) + |T) [1))/v/2. However, in this experiment, the entangled state is
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not directly verified because measurement of the photon polarization, frequency,
and emission time (with respect to the 14.5 GHz frequency qubit separation) is not

performed.

The coherence in this excitation scheme, however, is demonstrated using a mi-
crowave Ramsey experiment. With the application of two microwave pulses alone
(with the phase of the second microwave pulse phase shifted with respect to the first
pulse), the Ramsey contrast is essentially perfect (circles in Figure 6.1(e)). However,
if between the two microwave pulses, a single ultrafast laser pulse drives the ion to
the excited state (Figure 6.1(b)), and the excited ion spontaneously decays without
precise measurement of the photon parameters, then the coherence is lost (squares
in Figure 6.1(e)). The uncontrolled measurement of the photon results in tracing
over the photon portion of the density matrix, and the resulting loss in contrast is

consistent with prior ion-photon entanglement.

To show that the excitation pulse is indeed coherently driving the superposition
to the excited state, the Ramsey coherence is recovered by driving the ion back
down to the ground state before spontaneous emission occurs [Figure 6.1(c)]. With
a pair of picosecond laser pulses incident on the ion between the microwave pulses,
the contrast reappears with a phase shift proportional to the time ¢ spent in the
excited state and the hyperfine frequency difference between the ground and excited
state levels: t(vy — v1)=(680 ps)(13.9 GHz) = 18.97 (triangles in Figure 6.1(¢)).
The observed contrast is only 40% of the contrast without ultrafast laser pulses,
but is consistent with the limited laser power in the second pulse and spontaneous
decay (probability of ~ 23%) during the delay time between the ultrafast pulses [65].
While this experiment did not show the entangled state between the ion and photon

frequency qubit directly, it is a proof of principle that coherence in the atomic qubit
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Figure 6.1: Experimental procedure for atom-photon entanglement with photon frequency qubits.
(a) The ion is initialized in the state (||) + |1))/v/2 via optical pumping to the |0,0) state and
a microwave 7/2 pulse. (b) The superposition of atomic qubit states is coherently driven to the
2Ps /2 excited state via a resonantly tuned m-polarized ultrafast laser pulse. (c) A second pulse
drives the qubit back to the ground state a short time later. (d) A second m/2 microwave pulse
with variable phase completes the Ramsey experiment and the atomic state is measured using a
resonance fluorescence technique. (e) Results from the microwave Ramsey experiment. Circles
show the near perfect Ramsey fringes for the case with no ultrafast laser pulses. With a single
ultrafast laser pulse, the coherence is lost due to the spontaneous emission of a photon that is not
measured in a controlled, precisely timed fashion (squares). The average population in the bright
state is above 0.5 due to the fluorescence branching ratios [see Figure 7.2(inset)]. Upon application
of a second ultrafast laser pulse, the coherence in the ion is maintained by driving the qubit states
back down to the ground states (triangles) [65].
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can be driven with optical fields. As will be seen in Chapter IX, the photon frequency

qubit is what was used to demonstrate remote-ion entanglement.
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CHAPTER VII

Toward Remote Atom Entanglement with Cadmium

With the demonstration of ion-photon entanglement with the cadmium ion sys-
tem, there remain two major obstacles for remote ion entanglement: the ion as a
good single photon source and the interference of the two emitted photons from two
ions. This chapter discusses the progress made with the cadmium ion system, and

the limitations of cadmium that ultimately led to our switch to ytterbium.

7.1 Single Photon Source

As shown at the end of Chapter III, it is important for each atom to emit only
a single photon during an entanglement trial. Such a single photon source was
demonstrated in our lab by optically exciting a single cadmium ion using a picosecond
mode-locked Ti:sapphire laser [135]. This laser is tuned to 858 nm and is sent through
a pulse picker to reduce the repetition rate from 81 MHz to 27 MHz with an extinction
ratio of better than 100:1 in the infrared’. The pulses are frequency quadrupled
through single pass nonlinear crystals and the resulting 214.5 nm laser pulses have a
pulse extinction ratio near 107® and a transform-limited pulse width of about 1 ps.
This allows excitation of the ion on a timescale much faster than the 7 = 2.65 ns

excited state lifetime.

IThe pulse picker is necessary in order to resolve the peaks in the autocorrelation function in Figure 7.1
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To demonstrate that an ion emits only a single photon when excited via the ul-
trafast laser, a single ion is repeatedly excited with the picosecond laser resulting
in a periodic emission of photons at the laser pulse separation time of 37.5 ns. The
intensity autocorrelation function of the photons is recorded using a multi-channel
scaler, with the results shown in Figure 7.1. The half width of each peak is given by
the excited state lifetime and the peak at zero time delay corresponding to coinciden-
tally detected photons is almost entirely suppressed. This near-perfect antibunching
is highly non-classical and demonstrates that at most one photon is emitted from the
ion following an excitation pulse (fundamentally limited by the possibility of emitting
and detecting a photon during the excitation pulse ~ 107°). The residual peak at
zero time delay has a height of about 2% of the other peaks, originating from diffuse
scattered light from the pulsed laser. With fast electronics, this residual peak could

be identically zero by vetoing photons emitted during the picosecond laser pulse.
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Figure 7.1: Intensity autocorrelation of the light emitted by a single ion excited by an ultrafast
laser. The near perfect antibunching at ¢ = 0 shows that at most one photon is emitted from an
excitation pulse.
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In addition to eliminating double excitations (pee — 0), the use of ultrafast lasers
also allows for unit-probability excitation (p. ~ 1). This corresponds to performing
a Rabi 7 pulse on the optical S — P transition. We observe optical Rabi flopping by

measuring the Rabi angle as a function of pulse energy.

In the experiment, the Rabi angle is measured by preparing the ion in a known
initial ground state and applying a single excitation pulse of known polarization [65].
With knowledge of the fluorescence branching ratios and the ability to perform effi-
cient state detection, Rabi flopping with the pulsed laser can be detected using every
laser pulse with a high signal to noise ratio [Figure 7.2]. An alternative method
would be to detect the photon scattering rate from an ion as a function of the pulse
energy where Rabi angles with an odd (even) multiple of = would have a maximum
(minimum) of scattered photons as the ion would be left in the excited (ground)

state at the end of each pulse (as was later done in our ytterbium ion system [Fig-

ure 7.3]) [136].

In the experiment, the ion is prepared in the |0,0) ground state through optical
pumping as described previously. A single linearly polarized ps laser pulse excites the
ion to the Ps/, |1,0) state. After a time (10 ps) much longer than the excited state
lifetime, the ion has decayed back to the S/, ground state levels via spontaneous
emission following the fluorescence branching ratios. The atomic ground states are
then measured using resonance fluorescence detection where all three F' = 1 states
are equally bright, while the F' = 0 state is dark [130, 137, 113], with the results
shown in Figure 7.2. The available power from the pulsed laser limits the Rabi
rotation angle to roughly 7, and the data agree well with the estimates based on the
beam waist, pulse length and pulse shape [65, 114]. The probability of measuring the

bright state is equal to 1/3 the probability of excitation to the Pj/, state, as follows
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Figure 7.2: Ion bright state population as a function of pulse energy. Each point represents a
collection of 60,000 runs. As the population in the excited P state is driven to unity, the bright
state population approaches 1/3 (horizontal dashed line), determined by the spontaneous emission
branching ratio. The data are fit to a single parameter giving a value a = 0.42 pJ~/2. INSET:
Relevant energy levels for the S — P Rabi oscillation experiment. A w-polarized ultrafast laser pulse
excited the ion from the ground state to the excited state with variable energy. The three possible
decay channels are shown with their respective fluorescence branching ratios. After a time (10 us)

following the excitation pulse, the bright state population of the ion was measured using resonance
fluorescence detection.
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Figure 7.3: Photon scattering rate as a function of pulse energy. Rabi angles with an odd (even)
multiple of 7 would have a maximum (minimum) of scattered photons as the ion would be left in
the excited (ground) state at the end of each pulse. This data shows a maximum Rabi angle of
greater than 37, and was taken with the ytterbium system.

from the Clebsch-Gordan coefficients [Figure 7.2(inset)]. Hence, we have shown that

unit excitation and single photon emission can be achieved with ultrafast laser pulses.

7.2 Two Photon Interference

With the ability to entangle atoms with their single emitted photons, the next
step for remote atom entanglement is the interference of the photon modes from each
atom on a beam splitter. For the demonstration of this interference in our cadmium
ion system [135], two ions are aligned in a linear trap and a beam splitter setup is
used to interfere the emitted photons [Figure 7.4]. In this setup, light scattered by the
two ions is collected using the same f/2.1 objective lens as in Chapter V. A 600 ym
pinhole is placed at the intermediate image for suppression of background photons

and the intermediate image is re-imaged by a doublet lens. This image is then broken
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up into two paths by a beam splitter: the transmitted and the reflected beam?. These
two beams are directed to a second beam splitter where the light from each ion is
superimposed. Irises are used to block the unwanted beams (see Figure 7.5), and
the overlapping beams are directed to PMTs with a time resolution of about 1 ns
[95]. The equal path lengths of the transmitted and reflected beams ensure that
the photons emitted by two ions are mode-matched in size and divergence. Coarse
alignment is performed by imaging the light after the second beam splitter on a
single photon sensitive camera and looking at different focal planes by temporarily
inserting lenses. The overall magnification of the imaging system is about 1000 and
the diffraction-limited images of the two ions are separated by 2 mm, each with a

spot size of 0.5 mm.
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Figure 7.4: Detection system for the two-photon interference experiment. The light from the two
ions is separated on a beam splitter (BS) and mode-matched on the second BS. The photons are
detected on single photon sensitive photomultiplier tubes (PMTs). A camera is used for coarse
alignment, and the non-overlapping photon modes are blocked by irises.

To demonstrate two photon interference, first the photon statistics of a single ion
excited by a oT-polarized cw laser is investigated (dashed line in Figure 7.6). In
this case, the ¢ autocorrelation function shows the expected damped Rabi oscil-

lations [139, 140] between the 25}/, |1,1) and 2P/, |2,2) levels. It is unlikely that

2The first beam splitter serves the same role as the pickoff mirror in reference [138]. In our imaging system,
however, the images from the two ions are still overlapping on this first beam splitter. The image separation from
each ion is done instead at the irises.
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Figure 7.5: Camera image of two ions after second beam splitter. The photon modes are purposely

not overlapped in this image. When overlapped, the outer images are blocked via an iris.
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Figure 7.6: Intensity autocorrelation for cw-excitation. The dashed line shows strong antibunching
With

for a single ion with gf) (0) = 0.18, limited by the resolution of the detection system.
this value, the expected antibunching of light from two non-overlapping ions is expected to be

(0) = 0.59 in good agreement with the experimental value (dotted line). If the two photon

(2)
g2,u,m,
modes are matched, the interference leads to a significant reduction of coincidence detections (solid
(2) (0) = 0.31, corresponding to a mode overlap of about

line). The measured antibunching was g5,

57%.
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two photons are emitted from one ion in close proximity since after emission of a
single photon, the ion is assured to be in the ground state. The maximum observed
antibunching for the single ion is 952)(()) = 0.18. Theoretically, this antibunching
should go all the way to g§2)(0) = 0, but experimentally this is not possible due to

the time resolution and dark counts of the PMTs [135].

Next, two ions are equally illuminated and purposefully not mode-matched on the
beam splitter. In this case, half of the signal results from two photons from the same
ion, and the other half result from one photon from each ion. Since these photon
modes are not matched on the beam splitter, the detected photons are uncorrelated.
We therefore expect a reduced antibunching, gézgm(()) = %(1 + 952)(0)) ~ 0.59, in
good agreement with the measurement (dotted line in Figure 7.6).

If the photon modes from each ion are matched on the beam splitter, then the
photons always leave on the same output port, and thus no coincident detections
are observed [141]. The suppression of coincidence events is clearly visible in the

autocorrelation signal of the mode-matched ions (solid line in Figure 7.6) and has

a measured gé?)

~(0) of 0.31. This corresponds to an interference signal of about

57% (amplitude matching of 75%), and compares well to the results observed in
reference [138]. This mode overlap is clearly not perfect and is limited by phase
front distortions of the short wavelength photons from the two atomic sources as
they sample different parts of many optical surfaces before finally interfering on the

beam splitter.

In order to entangle two remotely located atoms, the use of single mode optical
fibers will almost certainly be required. Since remote-atom entanglement relies on
the interference of two photons on a beam splitter, interfering the two photon modes

would require very high stability of the atom and collection optics with respect to

89



the beam splitter, as well as good spatial mode matching from the two imaging sys-
tems. With free-space mode-matching, any relative motion of the trapped atoms
and the imaging optics would ruin the entanglement fidelity by producing false pos-
itive detection events. However, in the fiber coupled case, effects such as mechanical
vibrations and thermal drifts of the ion and ion trap will simply lower the rate of
coincidence counts since instead of detecting photons that are not mode-matched,

these photons are filtered out by the fiber.

7.3 Limitations of the Cadmium Ion System

An attempt was actually made to interfere the photon modes from two cadmium
ions located in different traps separated by ~ 1 m. In the end it was found that
not only was the mode of each imaging system significantly different (Figure 7.7),
but even more detrimental was the drift of each ion position — caused perhaps by
the movement of the trap or chamber itself, or by slowly varying electrode voltages
(Figure 7.8). As seen in Figure 7.9, an attempt was made to characterize the mode
overlap of each ion, but the drifting position made adjustment prohibitive. Due to
these issues, we believe that single mode fibers are necessary for high-fidelity remote
atom entanglement. Unfortunately, in the cadmium system the spontaneously emit-
ted photons are deep in the ultraviolet at 214.5 nm where it is very difficult to use
optical fibers. We attempted to use photonic crystal fibers, which have a decent
mode profile, but the fiber attenuation was too large (~ 10 dB/meter) for efficient
transmission and mode cleaning. These issues are what led us to try the interference
experiment reported in the previous section with both ions in the same trap. This
setup allowed each ion to have a similar spatial profile (since they were collected

with the same f/2.1 lens), and be insensitive to common-mode motion, due to the
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interferometer-like setup.

Figure 7.7: Free space photon mode quality from different Cd ions. (a) Two ions from two different
traps imaged simultaneously. It is clear that the modes from each imaging system are different.
(b-c) Image of an ion from a single trap before (a) and after (b) rotation of the triplet imaging
lens by 90 degrees. (d) The three triplet lenses can be independently adjusted. These three images
show different (random) adjustments of the lenses.

Even though the interference reported in this chapter may have been sufficient to
measure photon-mediated entanglement between the two ions, this interference was
reported with cw excitation. As mentioned on more than one occasion, high-fidelity
entanglement suggests the excitation of the ions with a laser pulse much shorter than
the lifetime of the ion. We attempted to repeat the interference experiment with the
ultrafast picosecond laser, but were never able to measure substantial interference.
It is our belief that this lack of interference was due to the high energy photons of
the (not perfectly focused) 214.5 nm pulsed laser liberating electrons from the trap
electrodes, creating a locally high pressure in the trapping zones and affecting the

ion position. While, this theory was not fully investigated, evidence supports the
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Figure 7.8: Ion position on the camera vs. time. The center position of each ion was taken every
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Figure 7.9: Photon mode characterized via an optical cavity. (a) Light transmission through a
cavity of photons emitted from a single ion. (b) Comparison of the photon modes from two ions in
separate traps. Alignment was very difficult due to the drifting position of the ions and the cavity
length.
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emission of electrons from the trap surfaces, as this was one method for loading cad-
mium ions prior to photoionization [142]. Furthermore, when running an experiment
with alternating time periods of cw and pulsed excitation, the cw excitation yielded
results similar to those in Figure 7.6, whereas the pulsed excitation did not show
interference.

While the lack of fibers was enough for us to abandon cadmium in favor of ytter-
bium for the remote-ion entanglement experiment, the lack of available laser power
at the resonant transition of cadmium was also an important issue. As shown in
Section 7.1, the available laser power after frequency quadrupling was sufficient for
driving a 7 pulse, however, twice as much power would have been necessary for the
simultaneous excitation of two ions in two separate vacuum chambers. Certainly,
ytterbium has its downsides — more complicated atomic structure requiring more
lasers and more complex atomic transitions — but the high power which is available
since only frequency doubling the main 739 nm laser is necessary and the use of

single-mode fibers at 369.5 nm made the switch very favorable.
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CHAPTER VIII

Quantum Interference of Photon Pairs from Distant
Ytterbium Ions

This chapter describes our first experiments with ytterbium ions. I discuss our
results on the improved demonstration of the ion as a single photon source as well
as the observation of quantum interference between pairs of single photons emitted
from two remotely trapped atomic '"YDb™ ions. While two photon interference has
been observed previously with photons generated in a variety of physical processes
and systems, including nonlinear optical down-conversion [86, 143], quantum dots
[144], atoms in cavity-QED [145, 146], atomic ensembles [147, 148, 149], two nearby
trapped neutral atoms [138], and our cadmium ion system [135], reported here is
the first observation of interference between two single photons emitted from two
remotely trapped atoms.

The experimental apparatus consists of two congeneric four-rod rf traps, each
storing a single atomic ytterbium ion, and located in separate vacuum chambers
separated by about one meter. The storage time of each trap is on the order of days,
and impressively, all the data presented in this chapter was obtained with the same
two ions.

Laser cooling localizes the ions to within the resolution of the diffraction-limited

imaging optics but well outside the Lamb-Dicke limit. The ions are excited with ul-
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Figure 8.1: The Ytterbium set-up for two photon interference. a) Relevant level scheme of 4Yb™.
b) Schematic of the detection system. The unpolarized light from each '™ Yb™ ion is collected using
a triplet lens with a numerical aperture of 0.23 and a working distance of 13mm. It is coupled
into a single-mode fused silica fiber using an aspheric collimation lens with a numerical aperture
of 0.6. About 20% of the light collected from each ion is transmitted through the 2m fibers. The
light from both fibers is collimated with a monochromatic lens and mode-matched on a polarization
independent beam splitter (BS). Behind the beam splitter two removable polarizers (PBS) can be

used to select parallel polarization. Inserting a \/2-plate allows the detection of perpendicularly
Subsequently, the light is detected by two photon-counting photomultipliers

polarized photons.

(PMT) with a quantum efficiency of about 20% and a time resolution of about 1ns. The photon
arrival times at the photomultipliers are recorded using a time to digital converter with a resolution
of 4ps (PicoQuant PicoHarp300). The contrast of the interferometer is measured using 369.5 nm

laser light to be better than 96%.
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trafast laser pulses generated by the same mode-locked Ti:sapphire laser as described
in previous chapters tuned to a center wavelength of 739 nm. Fach pulse is then fre-
quency doubled to 369.5 nm through a phase-matched LBO nonlinear crystal. An
electro-optic pulse picker is used to reduce the pulse repetition rate from 81 MHz
to 8.1 MHz with an extinction ratio of better than 10%: 1 in the UV. The second
harmonic is filtered from the fundamental with a prism, split between the two traps
using a beam splitter and aligned to arrive at the two ions within 100 ps of each other.
Each pulse has a near transform-limited pulse duration of 2 ps and excites the ions
on a timescale much faster than the excited state lifetime of 8.1ns [150]. The pulse

energy is adjusted to simultaneously excite both ions with near unit probability.

Two re-entrant viewports at opposing sides of each trap are used to simultane-
ously image the ions in free space and couple light scattered from the ions into single
mode optical fibers. In free space, a telescope similar to that used in the cadmium
setup (Chapter VII) is used to image scattered photons on a camera to monitor
loading and to verify the presence of a single ' Yb™ ion in each trap. Fiber coupling
is realized from the opposite side of the trap using a second objective lens to col-
lect spontaneously emitted photons (Fig. 8.1b). Each beam is focused onto a single
mode fiber using an aspheric lens. About 20% of the spontaneously emitted photons
collected by the objective are transmitted through the 2m fiber (estimated by com-
paring the count rate on the free space PMT to the count rate on the PMT behind
the fiber). The ion light transmitted through the single mode fibers is collimated
and mode-matched on a 50/50 beam splitter at as small an angle of incidence as pos-
sible (approximately 10° such that the splitting is polarization independent). The
light emerging from the beam splitter is detected using photomultipliers. Removable

polarizers and a removable \/2-waveplate allow detection of unpolarized photons, or
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photons of parallel or perpendicular polarization. The arrival times of the photons

at the photomultipliers are recorded using a time to digital converter.

8.1 Single Photon Source

To demonstrate that the excitation of an ion with an ultrashort pulse leads to
the emission of at most one photon, we first analyze the light scattered by a single
1"Yb* jon by blocking the fluorescence from one of the two traps. We employ a
repetitive sequence consisting of a 40 pus measurement interval and a 10 us cooling
interval. During the cooling interval the ion is Doppler cooled with cw-light only,
while during the measurement interval the ion is excited only by ultrafast laser
pulses with a 124 ns pulse separation. From the arrival times of the photons at
the photomultipliers the intensity autocorrelation function ¢ (7) is evaluated and

shown in Figure 8.2.

As in the cadmium experiment from Chapter VII, the periodic ultrafast excitation
of the ion leads to peaks at multiples of the pulse separation time. Since the ions
are excited on a timescale much faster than the excited state lifetime, the emission
probability during the excitation pulse is negligible. Thus, the ion is transfered
into the excited state and the spontaneously emitted photons have an exponential
envelope [95]. Therefore the peaks in the autocorrelation function have a two-sided
exponential decay where the 1/e half width is given by the 8.1ns lifetime of the
excited state. Compared to the cadmium experiment, the coincidence peak at zero
time delay is completely suppressed (neglecting dark counts on the PMTs). This is
because of the fibers used in the ytterbium experiment which geometrically filter out
all unwanted scattered photons — only photons emitted by the ion have the correct

spatial mode to couple into the fiber. Theoretically, the probability to scatter two
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Figure 8.2: Intensity autocorrelation of the light emitted by a single '"Yb™ ion excited by pi-
cosecond pulses. a) The periodically emitted photons from the pulsed excitation lead to peaks at
multiples of the 124 ns pulse repetition time. b) The near-perfect photon anti-bunching, revealed
by the logarithmic scale, proves that at most one photon is emitted from an excitation pulse. The
correlation function is evaluated from the stored photon arrival times using 2 ns binning. The prob-
ability to detect a photon from one excitation pulse is 6 x 10~%. The data shown were integrated
3 hours; 1.5 hours for each ion.

photons from one ion excited with one pulse is limited by the emission probability
of an excited atom during the excitation pulse (= 107° here). This very clean single
photon source is a good starting point for the observation of two-photon interference

and necessary for high fidelity photon mediated ion entanglement.

8.2 Two Photon Interference

To observe two-photon interference, the single ions in both traps are excited si-
multaneously by picosecond laser pulses and the fluorescence photons are combined
on the beam splitter. The polarizers after the beam splitter are used to measure the
coincidences of parallel polarized photons. To measure coincidences of perpendicu-
larly polarized photons in the two output ports of the beam splitter, a A/2-waveplate

is added in front of one polarizer. The resulting cross correlation functions are shown
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in Figure 8.3. For perpendicular polarization the photons are distinguishable and
do not interfere, thus we find a peak at zero delay. This peak has half the area of
the others, because at zero delay each ion can only contribute one photon, while
for non-simultaneous pulses each ion can produce both photons in the correlation
measurement. Integrated over photon pairs detected within 8 ns of each other (one
lifetime) this peak consists of 1087 coincidences corresponding to a coincidence de-
tection probability of 1.4 x 10~® per excitation pulse or an absolute coincidence rate
of about 0.1/s. For parallel polarization of the two photons, the two-photon inter-
ference eliminates coincidence detections. In our case the remaining peak at zero
delay, after subtracting dark count background, has an amplitude of about 5% of the
perpendicularly polarized signal, corresponding to a 95% interference contrast. In-
tegrating all photon pairs that are detected within 8 ns of each other, including dark
counts, we detect 14% of the photon pairs we observe for perpendicular polarization®.

The interference contrast observed here, including dark counts, could potentially
lead to a entanglement fidelity of about 90%, limited by the ratio between photon
detection events and dark counts. This ratio can be improved by lowering detector
dark counts, achieving a higher detection efficiency, or by collecting photons from a
larger effective solid angle. This potential fidelity would surpass the threshold needed
to violate a Bell inequality, however as will be seen in the next chapter, the resulting

fidelity is somewhat lower.

Tt was later discovered that a large fraction of the “dark counts” were due to the cw laser still exciting the ions
during the 40 pus measurement interval. This was caused by an rf switch not sufficiently attenuating the rf that drives
the AOM.
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Figure 8.3: Normalized intensity cross correlation of photons emitted by two ions. For perpendicular
linear polarization (diamonds) the photons from the two ions are distinguishable, thus we observe
a peak at zero delay. In contrast to the peaks at longer delay times, for which the two photons
can be emitted by the same ion, the two photons leading to a coincidence at zero delay must be
emitted by different ions. Thus the peak at zero delay has half the area than the peaks at longer
delay times. Integrating all photon pairs with a detection-time difference of |7| < 8ns results in
a coincidence detection probability of 1.4 x 1078 per excitation pulse (or 2 x 10~% for the photon
pairs with less than 16 ns detection-time difference). For parallel linear polarization (dots) the two-
photon interference suppresses the coincidence detection of two photons on different output ports
of the beam splitter. Including dark counts, the number of photon pairs with less than 8ns and
16 ns detection-time difference is reduced by 86% and 81%, respectively. Each curve was integrated
for about 4 hours and evaluated using a 1ns binning.
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CHAPTER IX

Entanglement of Ytterbium ion quantum bits at a distance

With the demonstration of ion-photon entanglement in Chapter V, and a good
single photon source and two-photon interference in Chapter VIII, all necessary re-

quirements were met for the entanglement of two remotely located ions.

In this chapter, I report our experimental realization of quantum entanglement
of two fixed single-atom quantum memories separated by one meter. Two remotely-
located trapped atomic ions each emit a single photon, and the interference and
detection of these photons heralds the entanglement of the atomic quantum bits.
The entanglement is characterized by directly measuring qubit correlations with near

perfect detection efficiency.

As with the previous chapter, we trap and laser cool the single ytterbium ions
in two congeneric four-rod linear rf ion traps. However, this time '"'Yb™ ions are
used in order to have an atomic qubit. As depicted in Fig. 9.1(a), a magnetic field of
B ~ 5.5 Gauss provides a quantization axis for definition of the photon polarization
and the internal atomic qubit level is stored in the hyperfine levels of the %S, /2 ground

state.

Figure 9.2 shows a diagram of the relevant energy levels of "'Yb™ along with

the step-by-step description of the experimental procedure. After Doppler cooling,

101



_ F=0
(@) D321, A 1226Hz [
’ 2m Fiber PMT
P e 9 PBS
21GHz! —— 7o ¢
A, - >
3
&
o 2m Fiber
=}
3 — =
D,, Gl 183GHz =2
= PBS
Sy PMT

12.6 GHz
— F=0

Figure 9.1: Relevant energy levels for '7Yb*. (a) The 2S5 <> 2Py o transition is driven by light
at 369.5 nm. A frequency-doubled continuous-wave diode laser is used for Doppler cooling, state
initialization, and state detection of the ion, whereas the excitation of the ion for single photon
generation is accomplished with a mode-locked, frequency-doubled Ti:Sapphire laser with a pulse
duration of 2 ps [151]. When excited to 2P1/27 the ion can decay to the 2D3/2 level with a branching
ratio of ~ 0.005. A diode laser at 935.2 nm pumps the ion out of this state through the 3D[3/2]1/2
level. (b) Two ions are trapped in independent vacuum chambers separated by approximately one
meter. Spontaneously emitted photons from each ion are collected by an f/2.1 imaging lens and
coupled into single-mode fibers. The polarization of each emitted photon is defined with respect
to the applied magnetic field B oriented perpendicularly to the collection direction. Polarization is
maintained through the fibers and can be adjusted via polarization-controlling paddles. The output
of each fiber is spatially mode-matched on a 50/50 non-polarizing beam splitter (BS) leading to an
interference contrast of greater than 97%. Polarizers (PBS) are used to filter out the photons of
unwanted polarization and the remaining photons are detected on photon counting photomultiplier
tubes (PMT).
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Figure 9.2: Experimental procedure of "*Yb™ entanglement experiment. (a) Each atomic qubit
is initialized to the |F,mpg) = |0,0) hyperfine ground state via a 500 ns optical pumping pulse
resonant with the 2Sy j5|F = 1) <5 2Py 5|F = 1) transition including all polarizations. (b) Each ion
is excited with a 2 ps o~ -polarized optical pulse, resulting in the spontaneous emission of at most
a single photon to either the 281/2|17 —1) state while emitting a m-polarized photon or to the |1)
and |]) states while emitting a o~ -polarized photon. The m-polarized photon is filtered out by a
polarizer resulting in the entangled state (|1) [1) — |1} |v|))/v/2. Steps (a) and (b) are repeated on
both ions until simultaneous detection occurs on the two PMTs. (¢) Upon simultaneous detection
of a photon on each PMT, an optional microwave (uw) rotation pulse prepares each atomic qubit
for measurement in a rotated basis, followed by measurement of the atomic qubits using standard
trapped ion fluorescence techniques, here by resonantly driving all 2S; 2lF=1) < 2p, /2| F = 0)
transitions.

pulses of light tuned to the 2S; /2 < 2p, /2 transitions initialize, excite, and detect
the internal states of the ions. First, a 500 ns pulse of light resonant with the
S1/o|F = 1) < 2Py = 1) transition prepares each ion in the |0,0) state with
greater than 98% efficiency. Next, a 2 ps o~ -polarized laser pulse from pulsed laser
excites the ion to the 2P, /2|1, —1) state. The ion is prepared in the excited state with
an excitation probability of p. =~ 0.5 (see Appendix A.3 for why p. is not unity), and
spontaneously decays to either the 2S; /2|1, —1) state while emitting a m-polarized
photon or to the |1,0) = |T) and [0,0) = ||) states while emitting a o~ -polarized
photon (Fig. 9.2(b)). The spontaneously emitted photon at 369.5 nm is collected
perpendicular to the quantization axis and is coupled into a single-mode fiber. Along
this direction, the polarizations of the = and o~ decay channels are orthogonal [116],
and the m-polarized photons are filtered out with polarizers (see Figure 2.1(e)). The

resulting entangled state between the ion and the photon is (|1) [t4) — |1} [v))/v/2,
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where |v|) and |vq) refer to the two resolved frequencies comprising the photonic
qubit, as described in Chapter II. The two frequency components are separated by

the 12.6 GHz ground state hyperfine splitting.

The output modes of the fibers from each trap are directed onto the two input
ports of a 50/50 non-polarizing beam splitter with a transverse spatial mode-overlap
leading to an interference contrast of greater than 97% (Fig. 9.1(b)) [151]. The
photons emerging from the beam splitter are sent through polarizers to filter out
the m-polarized decay channel and then to photon-counting photomultiplier tubes

(PMTs), each of quantum efficiency n ~ 0.15.

While the end-to-end coupling efficiency through each fiber is only ¢ ~ 0.2, the
use of single-mode fibers is essential for the rejection of photons in other spatial
modes that would not properly interfere and thereby lower the entanglement fi-
delity [138, 151]. Temporal mode-matching of photons is accomplished by matching
the arrival times of the photon from each ion on the beam splitter to better than
30 ps. Compared to the 8.1 ns photon duration, this temporal matching corresponds
to a decrease in the mode overlap of under 1%. Finally, spectral matching of the
photonic qubits is accomplished by equalizing the magnetic field at the traps to bet-
ter than 30 mG, resulting in a photonic frequency mismatch of less than 0.2% of
the 1/(277) ~ 20 MHz photon bandwidth. Doppler broadening of the photon emis-
sion, from both residual motion of the Doppler-cooled ions and micromotion [152],

is expected to affect the interference by well under 1% [151, 146].

When each ion emits a photon into the mode of interest, the quantum state of
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the system before the photons interact on the 50/50 beam splitter is:

%[(ma wda = (D)o [v)a) @ (IT)y 106 = [y [v1)0)] =
%(|q>+>atom|q)+>photon + |q>_>atom|q)_>photon

- |\II+>atom|‘1I+>phot0n - |\I[_>atom|\11_>photon)' (91)

With the photon modes matched on the 50/50 beam splitter, the photons exit on
different ports only if they are in the antisymmetric state |¥™)photon = ([V1)alV))s —
V) alvi)s)/V/2, Tespecting the symmetry of the overall photonic wavefunction [86].
Therefore, coincident photon detection in the two output ports of this beam splitter
ideally projects the ions onto [ Yaiom = (|1), 11), — [1), 11),)/V2 [54]. (This result
assumes equal path lengths from each ion to the beam splitter. A simple extension
considering differing path lengths can be found in Appendix D.) Following such a
heralded entanglement event, near resonant microwave pulses coherently rotate the
trapped ion qubits and prepare them for measurement in a rotated basis. The atomic
qubit measurement is performed using standard trapped ion fluorescence techniques
with an average detection efficiency greater than 97% (Fig. 9.2(c)).

We first measure the state of the two ions following the coincident photon detection
without microwave rotations. Since the expected resulting ion-ion entangled state is
|U™) atom, the atomic wavefunction should have odd parity (|1), |1), or |1),[T),)- The
probability distribution from 274 coincidence detection events is shown in Figure 9.3
with a resulting probability of measuring odd parity p;; + p;1 = 0.78 = 0.02. Here,
Pap refers to the probability of measuring the two atomic qubits (ions a and b) in the
given spin states.

To verify the entanglement, we repeat the experiment and measure in a rotated

basis. Each ion is rotated through a Bloch polar angle of # = /2 by applying
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microwaves near the measured |T), < |]), frequency splitting of 12.642821 GHz
(Fig. 9.2(c)). The two atomic qubit transition frequencies are matched to better
than 100 Hz, so they are essentially equal over the time scale of the rotations. We
vary the relative phase A¢ = ¢, — ¢, of the rotations at the two ions by detuning
the applied microwaves by 10 kHz from resonance and delaying the microwave pulse
on one ion with respect to the other. Here ¢; refers to the microwave phase on ion
1 = a,b and a 100 us delay results in a phase difference of A¢p = 27. Figure 9.4
displays the resulting oscillations of the measured atomic qubit parity as a function
of the relative phase of the 7/2 rotations. The contrast of this oscillation is directly

related to the coherence between |[|),[T), and |T),|]),
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Figure 9.3: Measured probabilities in the unrotated basis (no atomic qubit rotation before mea-
surement) conditioned upon coincident detection of photons on each PMT (photon pairs with
less than 16 ns detection-time difference). The measured probabilities are p;| = 0.11 £ 0.02,
pit = 0.38+£0.03, py; = 0.40 £0.03, and py; = 0.11 £ 0.02, thus odd parity is found with a proba-
bility of p1| + p+ = 0.78 £ 0.02. The errors are statistical and are collected from 274 coincidence
detection events.

From these measurements, we calculate a fidelity of .# = 0.63 + 0.03 and a lower

bound on the entanglement of formation to be & > 0.12 4+ 0.03 as described in
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Figure 9.4: Measured probabilities in the rotated basis. Probability of measuring odd parity of
the atomic qubits after rotations on each ion by a polar angle of 7/2 on the Bloch sphere. The
horizontal axis corresponds to the delay of the microwave pulse on one ion with respect to the other.
Because of the 10 kHz detuning of the applied microwave radiation from resonance, the relative
phase of the microwaves pulses, A¢ = ¢, — ¢, has a period of 100 us. The solid line is a fit to
the data resulting in a contrast of 0.47 4 0.05, where the absolute phase of the interference pattern
depends on the difference in microwave transmission lines to each ion. Results are from a total of
502 coincidence detection events.
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Appendix C.2. The results are limited mainly by dark counts on the PMTs which
lead to false events in ~ 20% of the measured coincidence events. Other factors
contributing to the decrease in fidelity include imperfect atomic state detection (lim-
ited to > 97% for each ion), imperfect mode-matching on the 50/50 beam splitter
(3%), mixing of the photon polarizations owing to the nonzero solid angle (1.5% of
detected photons result from a Ampr = 0 decay), excitations to the wrong atomic
state (~ 1%), and imperfect rotations of the atomic qubit (~ 1%). Sources of error
from imperfections in the optical fibers and magnetic field fluctuations are estimated

to affect the measured entanglement by less than 1%.

As mentioned above, the remote-atom entanglement is a probabilistic process.
The success probability P,, in a given trial depends on the efficiency of generat-
ing a single photon from each ion in a specific mode and detecting the photons
in coincidence. In our excitation scheme (Fig. 9.2(b)), each ion has a probability
pe = 0.5 of emitting a single photon after the excitation pulse, and only 5 ~ 0.995 of
the emitted photons are at 369.5 nm due to the branching ratio to the 2D3/2 state.
The detection probability of each photon depends on the light collection solid angle
AQ /47 =~ 0.02, coupling efficiency and transmission through the single-mode fiber ,
transmission through other optical elements 7" ~ 0.8, and the quantum efficiency of
the detectors n. In addition, half of the collected photons are m-polarized and are
filtered out by the polarizer [116]. Finally, since only the |¥™) poton State results in
the two photons exiting the 50/50 beam splitter in different output ports, there is an
additional factor of 1/4 in our success probability: P,. = 1[3n¢(T8p.(AQ/47)]* ~
(0.25)[(0.5)(0.15)(0.2)(.8)(0.995)(0.5)(0.02)]? ~ 3.6 x 107, With an experiment rep-
etition rate of R, ~ 5.5 x 10° s7!, this results in a heralded entanglement event

approximately every 9 minutes.
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Since this rate is proportional to the square of the probability of measuring an
emitted photon, improvements in the generation of single photons in the desired
mode can significantly increase this yield. Possible improvements include increasing
the probability of excitation to unity by using an alternative excitation scheme or col-
lecting the emitted photons along the quantization axis where the radiation strength
of the emitted photons is greatest. However, the most substantial improvement
would be to place the ion within an optical cavity, which would allow the effective
solid angle AQ /47 to approach unity. Not only would these changes increase the
success probability, they would also substantially improve the entanglement fidelity

by lowering the relative contribution of dark count events.
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CHAPTER X

Conclusion and Outlook

The demonstration of photon-mediated atom-atom entanglement opens up a num-
ber of possibilities for tests on quantum theory as well as for scalable quantum in-
formation processing. In this concluding chapter, I describe how this entanglement
method can be used for either deterministic quantum computation, or alternatively
quantum computing using a measurement based approach. I also discuss the use of

this entanglement for an implementation of a loophole free Bell inequality.

10.1 Scaling to Complex Quantum Networks

As the number of atoms grows within a trap used for a quantum register, so too
does the complexity of the system. While there is progress in constructing more
elaborate atom traps capable of deterministically separating and shuttling atoms
[42, 43, 45, 44], an alternative approach is to keep traps relatively simple and have
the atoms remain in a given trapping zone where the necessary atomic motional
control is relaxed. This approach requires the ability to interconnect different zones
via photon-mediated entanglement [Figure 10.1].

Recent progress has shown that deterministic quantum gates can be constructed
for remotely located atoms even with the use of probabilistic entanglement [89]. Even

though the entanglement is probabilistic, it is heralded, and one can simply repeat the
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Figure 10.1: Entanglement device capable of entangling multiple atoms simultaneously using mi-
cromirror arrays [153]. Any pair of atoms can be entangled by routing the emitted photon from each
atom to a beam splitter where single photon detections can project the atoms into an entangled
state. Parallelism is possible with this setup for N atoms with 2N mirrors and N/2 beam splitter
pairs.
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procedure until the detectors announce the creation of the entangled pair of atoms.
Once successful, the entanglement shared by the two atoms can be further used with
local deterministic gates within each trapping zone. This is in contrast to the coupling
of small samples of atomic gases through photonic channels [21, 129], where the
post-selected entanglement between light and atoms [154, 155] and the observation
of entanglement signatures between remotely-located atomic ensembles [122, 126, 17]

is perhaps suitable only for quantum communication.

10.1.1 Deterministic Quantum Computation and Quantum Repeaters One approach
to scalable quantum computation based on probabilistic entangling gates is to have
an array of trapping zones, each containing two atoms — a “logic atom” and an
“ancilla atom” denoted as i and i’ respectively [Figure 10.2(a)] [89]. The purpose
of the logic atoms is to encode all quantum information, and the ancilla atoms,
linked using the probabilistic entangling protocol, are used as a “quantum bus”.
Once successful entanglement between the ancilla atoms is established, conventional
local deterministic gates allow for an effective quantum gate between the two logic
atoms. The resulting logic gate is deterministic because the quantum information
stored within the logic atoms is not affected by unsuccessful attempts to entangle
the ancilla atoms. This can be assured by either spatial separation of the logic and
ancilla atoms so that laser operations on one atom do not affect the other, or by
using different atomic species [156, 157, 158] where the two atoms could be in very
close proximity since light resonant for operations on one atom would not affect the

other.

There are four necessary steps to create deterministic remote atom entanglements:
(1) attempt entanglement of the ancilla atoms until successful, (2) apply local de-

terministic motional CNOT gates on each logic-ancilla pair, (3) measure the ancilla
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Figure 10.2: Scalable deterministic quantum computation with probabilistic photon-mediated en-
tanglement. (a) Schematic of the quantum computation model based on probabilistic photon-
mediated entanglement between atoms. The ancilla atoms (¢/,j) are entangled through the prob-
abilistic protocols described in the text, and deterministic gates on the logic atoms (i, j) are con-
structed from local motional gates and probabilistic remote ancilla entanglement. (b) Schematic
of quantum repeaters with trapped atoms based on probabilistic remote entanglement and local
Coulomb interactions.
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atoms in the appropriate bases, and (4) apply single qubit rotations to the logic
atoms based on the measurement results. The speed of each four-step procedure is
limited by the first step. With a probability of successful entanglement P, , (of order
p*p?) the average time for completion of the remote CNOT gate is Tyep/ Paa, Where

as before, T, is the time needed for an ancilla entanglement trial.

Efficient quantum repeaters can also be constructed using this setup, allowing
reliable quantum information transfer over very long distances [Figure 10.2(b)]. In
addition to the entanglement probability mentioned previously, one must also con-
sider the probability of photon loss within the fiber connecting the atomic nodes. This
lowers the probability of successful ancilla atom entanglement to P, = P, aPhber,
where Piper = e~ is the photon attenuation in the channel over the communi-
cation distance Ly, and « is the fiber attenuation coefficient. The time necessary
to connect two nearest-neighbor segments (distance of Ly) would be T} = Tyep/PL,.
This leads to a next nearest neighbor communication time of T, = 277, and hence
over n segments (total distance D = nLg) of T;, = nTy = De®™ (T,ep/ Paa) /Lo. This

linear scaling with distance compares favorably to the exponential scaling behavior

if no repeater nodes are used: T, = ¢®P (Tyep/ Paa)-

10.1.2 Measurement-Based Quantum Computation Even though the above model
for quantum computation is efficiently scalable with probabilistic entanglement be-
tween ancilla qubits, the robustness of the computation relies on the ability to per-
form local deterministic gates. Recent advances have shown that even if all entan-
gling gates are probabilistic with arbitrarily small probability, one can still realize
efficient quantum computation based on the use of deterministic single-bit opera-
tions and quantum memory [48, 47]. The proof of this result is most convenient with

the cluster-state approach to quantum computing. The cluster-state model is com-
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putationally equivalent to the conventional circuit model, but in terms of physical
operations, it is quite different [159]. In this model, one first prepares a large-scale
entangled state called the cluster state. Together with single-bit operations, the clus-
ter state with a two-dimensional geometry becomes sufficient for universal quantum
computation [159]. As deterministic single-bit operations for trapped atoms has been
demonstrated, the task then reduces to how to realize large scale cluster states with

only probabilistic entangling gates.

A pictorial description of the generation of cluster states with atomic qubits is
shown in Figure 10.3. The first step in creating a 2-dimensional (2-D) cluster state
is to generate long 1-D cluster chains. One could start with entanglement of two
atoms, and then get these atoms further entangled with others one by one through
the probabilistic gates. However, this direct approach leads to very inefficient (super-
exponential) scaling of the required resources due to the probabilistic nature of the
gate operation [48]. For preparation of 1-D cluster states, a way to overcome the
inefficient scaling is through the divide-and-conquer protocol [48, 47] (also known as
the quantum repeater protocol in [129]). With this approach, short 1-D clusters of
length n are created and their end qubits are entangled through the probabilistic
gate [Figure 10.3(a)]. If the entanglement attempt between the end qubits is suc-
cessful, then a 1-D cluster of 2n qubits is made. If the attempt is unsuccessful, then
only the end qubits and their nearest neighbors need to be removed from the cluster,
rather than the entire system losing its entanglement. The process is then repeated
with the two clusters, now each of a different length. Because this approach connects
two cluster chains of almost equal lengths with the probabilistic gates, the number
of connections grows logarithmically with the size of the chain, which is critical for

efficient scaling.
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CPF -)

Figure 10.3: Tllustration of the necessary steps for construction of cluster states. (a) A controlled
phase flip entangling (CPF) gate is used to extend the length of a 1-D cluster. (b) Construction of
a cross-shaped cluster from two 1-D cluster chains. A Hadamard gate (H) is applied on the middle
qubit of one chain and a CPF gate connects the two middle qubits. Finally an X measurement on
one middle qubit removes the extra atom. (c-d) Construction of a square lattice cluster state from
the cross-shaped cluster states. CPF gates combine the shapes along ends of the crosses and X
measurements are used to remove the remaining redundant qubits.
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Since 1-D cluster states are not sufficient for universal computation, 2-D clusters
need to be built from the 1-D chains. A straightforward extension of the divide-
and-conquer method will not work as 2-D and 1-D geometries have very different
characters [47], in particular for the number of the boundary qubits. In order to
create 2-D cluster states, these 1-D clusters are first combined into a special type of
state, called the cross state, as shown in [Figure 10.3(b)], where 1-D chains are first
linked in their middles creating a cross shaped cluster after a single-bit measurement.
These cross states with four sufficiently long tails can be used as the basic building
blocks for the 2-D geometry [47]. Once a cross is created, two such crosses are linked
together via their long 1-D tails. If the tail is sufficiently long, the two clusters can be
connected almost deterministically before running out of qubits along the tail. Once
connected, the remaining tail qubits separating the cross sections can be removed
via single bit X measurements, finally creating the joined cluster [Figure 10.3(c)].
These steps can be repeated to create a 2-D cluster of any size. The fidelity of the
cluster state approach is not affected by the probabilistic nature of linking the atoms
together since the unsuccessful atoms are removed from the system. The scaling of
the computational resources with this approach was demonstrated in Reference [47].
Supposing the success probability of the entangling gate is P, ,, it has been proven
there that the computational overhead to prepare a large-scale two-dimensional clus-
ter state scales nearly polynomially with 1/P, , and n, where n is the total number

of qubits in the cluster.

10.2 Loophole Free Bell Inequality Violation

As mentioned previously, in addition to applications in quantum information,

the entanglement protocols of this thesis can be used for tests on quantum theory,
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particularly for a loophole free Bell inequality test. Recent results have shown that
atom-photon experiments themselves can be used for a loophole free Bell inequality
violation [160, 161}, but the difficulty for these experiments is that the probability to
detect the emitted photon P, , must be > 0.43, requiring cavity QED techniques and
significant improvements in photodetectors at the required wavelengths. Perhaps a
more feasible option is via photon-mediated remote-atom entanglement [54].

This begins by first entangling two atom-photon pairs simultaneously in distant
locations. Next, the emitted photon from each atom is directed to an intermediate
location where a partial Bell state analysis is performed [162, 163], thus projecting
the remotely-located atoms into a known entangled state. This entangled-atom pair
is the starting point for a loophole-free Bell inequality test, which is completed by
independently rotating each atom on the Bloch sphere, followed by qubit state de-
tections (Figure 10.4). By reducing the time needed for the atomic qubit rotation
and detection to 50 ps (0.5 ps), a separation of L = 15 km (150 m) is sufficient
to satisfy the time constraints of the locality loophole [15, 18]. With this shorter
detection time, sufficiently high atomic qubit detection efficiency is still possible to
close the detection loophole. In the ion trap system, transmission of the ultraviolet
photons over the necessary distance to the analyzer would be difficult with current
technologies. However, one could also perform the experiment with a more suitable
photon color via frequency conversion [164]. Additionally, one could use a quantum
repeater method, entailing intermediately-located atom traps, thereby decreasing the

distance any one photon needs to travel [165, 166, 89).
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Figure 10.4: Timing requirements for a loophole free Bell inequality violation. For a distance
L between ions a and b, the total time required for the choice of basis and the completion of
the detection cannot be larger than L/c¢, where ¢ is the speed of light. This ensures that the
measurement of one ion falls outside the backward lightcone of the other ion.
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APPENDIX A

Three Level Systems

The three level system is one that has come up several times throughout this
thesis. In all cases, it has been of the form shown in Figure A.1 with resonant
coupling between the |0) < [2) and |1) < |2) states, each of strength Q = dE/h.
Additionally, during the interaction time, the three levels do not undergo spontaneous

decay. The Schroedinger equation for this system can be written as:

(

deo
dt

dt

= —iQCQ

% = —iQ(Co + Cl).

\

2)

Figure A.1: General setup for relevant three level systems.

Below, I list three different relevant initial conditions.
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1. The ion begins in |0): ¢o(t =0) =1, ¢1(t =0) =0, c2(t = 0) = 0. The resulting

solution is
4

co = 3(cos(v20) + 1)

(cos(v20t) — 1) (A.2)

N[

<01:

cy = \_/—%(sin(\/iQt)).

\

This results in the probability to find the ion in each state of

;

ol = cost(%)

(A.3)

en[? = sin' (%)

|co|? = Lsin®(v/201).
\

2. The ion begins in (|0) +[1))/v/2: co(t =0) = 1/2, c1(t =0) = 1/2, c3(t =0) =
0. The solution in this case is
co = \%cos(ﬁﬁt)

Vo= %COS(\/QQt) (A.4)

¢y = i sin(v/20),
\

resulting in the measurement probability of

(

|co|? = Lcos?(v201)

lc1]? = Lcos?(v201) (A.5)

|co|? = sin?(v/201).
\

3. As a final example, consider the evolution when the ion begins in (|0) —[1))/v/2:

co(t =0) =1/2, ¢1(t =0) = —1/2, c3(t = 0) = 0. The solution in this case
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does not evolve due to destructive interference:

(

lcof® = %
o2 = 4 (A6)
|C2|2 =0.
\
1
(b)
0.8
0.6
0.4 N m /\
0.2 \
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1 1
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Figure A.2: State population vs. microwave time for three level systems. Dotted line corresponds
to probability to be in state |0), dashed is for |1), and solid line is for |2). (a) Initial conditions
co =1, ¢4 =0, ca = 0. (b) Initial conditions ¢y = 1/2, ¢; = 1/2, ¢o = 0. (c) Initial conditions
co=1/2, ¢ = —1/2, co =0. (d) Initial conditions ¢y = 1/2, ¢; =1i/2, ca = 0.

A.1 Method for Realization of Entanglement from Figure 2.1(d)

The realization for the entanglement method of Figure 2.1(d) is obtained from
case 2 above, with |0) = |1,—1), [1) = |1,1), and |2) = |0,0) (Figure A.3). When
the |1, —1) and |1, 1) states have zero relative phase, two microwave pulses resonant
with the |1, —1) < [0,0) and |1,1) < |0,0) transitions will drive these populations

completely into |0,0) after a microwave time of 7/(2v/29) (Figure A.2(b)).
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Figure A.3: Realization of entanglement method of Figure 2.1(d). When the photon is viewed
perpendicularly to the quantization axis, the Am = 0 photon decay channel is linearly polarized
and orthogonal to the Am = +1 decay channels. After decay, the |1, —1) and |1, 1) can be coherently
combined in the |0, 0) state establishing the atomic qubit.

A.2 Atomic Qubit Rotations in the Ion-Photon Entanglement
Experiment

The importance of measuring the ion and the photon in the rotated basis, is to
show that following spontaneous emission of the photon, the atom still has phase
coherence between the resulting qubit states. This is done similar to Section A.1 by
applying simultaneous microwave pulses between the |1, 0) < |0,0) and |1, 1) < |0, 0)
transitions with a pulse length of 7/(2v/29Q). If the relative phase between the two
states is equal to zero (or (1) +7))/v/2), then case 2 from above applies. However,
if the relative phase is 7 (or (|1) —|1))/v/2), then case 3 applies (Figure A.4). As
this phase is rotated, it rotates between cases 2 and 3 as shown in Figure 5.4(a).
See also Figure A.2(b-d). The two microwave frequencies are applied by tuning
the microwave source halfway between the two |1,0) < [0,0) and |1,1) < |0,0)

transitions and mixing with a frequency equal to half the |1,0) < |1,1) splitting.
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Figure A.4: Atomic qubit rotations in the ion-photon entanglement experiment. (a) With the
relative phase between the two states is equal to zero, (||) + [1))/v/2, then upon simultaneous
microwave pulses between the |1,0) < |0,0) and |1,1) < |0,0) transitions the ion is driven to the
|0,0) state. (b) If the relative phase between the two states is m, (|1) — |1))/v/2, then the atomic
state remains unchanged.

A.3 Limits on Excitation Probability in the Remote-lon Entanglement
Experiment

In order to assure that at most a single photon is emitted from each ion following
an excitation pulse, it is important to use a laser pulse that is much shorter than
the lifetime of the excited state [151]. Here, we use a 2 ps laser pulse from a mode-
locked, frequency-doubled Ti:Sapphire laser that is much shorter than the 8.1 ns
excited state lifetime of the 2P, s2 level. This near transform-limited pulse has a
bandwidth of ~ 400 GHz which is not only much larger than the 2P, linewidth,
but also much larger than the 2S;,, hyperfine splitting. Hence, the o~ -polarized
optical pulse that resonantly excites the 2S;5[0,0) state to the 2Py |1, —1) is also
resonant with the 2S;5|1,0) «<» 2Py 5|1, —1) transition [65].

In this three level lambda system, the largest population which can be transfered
to the |1, —1) state when starting from |0,0) is p. = 50%, with the other 50% in
an equal superposition of |0,0) and |1,0). This can be seen from case 1 above with
0) = 251/2/0,0), 1) = 2S12[1,0), and [2) = ?P; 5|1, —1), and a “rotation time” of
7/(2v/29) (Figure A.2(a)). In principle, the excitation probability can be improved

to near unity by preparing an appropriate initial superposition of |0,0) and |1,0)
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(cases 2 and 3 above) or by using spectral pulse-shaping techniques. Alternatively,

a different excitation scheme can be adopted [167].

1-1) -

400 GHz

s [1.0)=14)

0,0)=¥)

Figure A.5: Explanation for excitation probability of p. = 50%. Due to the large bandwidth of
the pulsed excitation laser (~ 400 GHz) the o~ -polarized optical pulse that resonantly excites the
281/2|0,0> state to the 2P1/2\1, —1) is also resonant with the 281/2|1,0> - 2P1/2|1, —1) transition.
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APPENDIX B

Ytterbium and Cadmium Ion Resonant Wavelengths

Listed below are the resonant wavelengths of the ytterbium and cadmium ions
that we have measured (Figure B.1). These numbers are obtained from our Burleigh
WA-1500 Wavemeter. The wavelengths are not accurate to the fourth decimal, but

are precise to a given adjustment of the Wavemeter.

Isotope | Abundance | 739 nm 935 nm 638 nm 864 nm 399 nm
170 3.1% 739.0474 | 935.1983
171 14.3% 739.0521 | 935.1878 | 638.6101/638.6151 398.9118
172 21.9% 739.0489 | 935.1875 864.8375 | 398.9116
174 31.8% 739.0500 | 935.1800 638.6187 864.8426 | 398.9113
176 12.7% 739.0512 | 935.1725 398.9111

Table B.1: Resonant wavelengths for ytterbium ions, as measured in our lab.

Isotope | Abundance | 858 nm
106 1.25% 858.0272
108 0.89% 858.0278
110 12.49% 858.0283
111 12.80% 858.0261
112 24.13% 858.0288
113 12.22% 858.0265
114 28.73% 858.0292
116 7.49% 858.0295

Table B.2: Resonant wavelengths for cadmium ions, as measured in our lab.

In addition to the wavelengths listed above, one further transition was driven
in the cadmium ion. Following the measurement of the excited state lifetimes in

cadmium using the ultrafast laser [95], we briefly explored the possibility of measuring
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Figure B.1: Energy levels for Ytterbium and Cadmium. (a) Ytterbium. (b) Cadmium.

Element | 1078 [ 1077 ] 1076 [ 10=° | 10~*
Yb 247 | 279 | 317 | 365 | 417
Cd 155 | 181 | 209 | 242 | 280

Table B.3: Vapor pressures for ytterbium and cadmium atoms. The required temperature for each
partial pressure is listed in degrees Celsius

high excited states. One candidate was the 4d'°5d ?Dj 5 level 231.35 nm above the
2P3/2 level (Figure B.2). This state was prepared by driving the ion to the 2P3/2
level with the cw laser and further exciting the ion to 4d'°5d ?Dj, with the pulsed
laser. Confirmation of the excitation to this level was provided by adjusting the
triplet imaging lens and imaging the 231 nm scattered photons on the camera (by
moving the imaging lens further away from the ion by ~ 490 pym with respect to the
214.5 nm imaging position as discussed in Section 4.4). A lifetime measurement was
not taken on this transition, however, because it was found that when driving ions to
this state, they became doubly ionized (Cd?") because a further excitation with the
214.5 nm laser pulse will drive the ion directly to the continuum at 136374.74 cm™*.
This was directly confirmed on the camera by imaging three ions, whereby the outer

two ions were pushed further apart upon double ionization of the middle ion (which

became dark), due to the Coulomb repulsion.
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Figure B.2: Excitation to 4d'°5d ?Ds /5 level in Cd™. The ion is driven to the 4d'°5p QPg/Q with
the 214.5 nm cw laser and further excited to the 4d'95d 2D5/2 level with the pulsed laser tuned to

231.35 nm.
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APPENDIX C

Fidelity and Entanglement of Formation

C.1 Fidelity Estimation for the Ion-Photon Experiment

The entanglement fidelity of an arbitrary two-qubit quantum state can be writ-
ten as its overlap with an appropriate maximally entangled two-qubit state [168].
In the atom-photon entanglement experiment from Chapter V, the two qubits are
represented by a 4 X 4 density matrix p with photon and atomic basis states |])|H),
MY H), |1)|V), and |T)|V). The entanglement fidelity with respect to the particular
maximally entangled state |V y5) = \%(H) |H) +[1)|V)) is given by:

1
F = (Vnelp|VYue) = §(piH,iH + prvav + praav + prviim), (C.1)

where prss = (ILS|p/II'S") with I[I = H or V and S =] or 1. (This expression also
holds for any maximally entangled target state by appropriately redefining the basis
states.) The first two terms in this expression are the measured correlation probabil-
ities of detecting state |H) with |]) and state |V') with |T). The last two coherence
terms can be determined by repeating the experiment while independently rotating
each qubit through a polar angle of w/2 in the Bloch sphere before measurement.

The rotated quantum state is then given by p = Ry /2(¢) pRjT 1o(@) where Rrj5(¢) is
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a m/2 polar rotation operator for both qubits with relative phase ¢. We find that:

e iy +eCprvm
=p +p —p —p —(e7® + e )
P + Prvav = Praim = PLviv prvin + €y
> pram + Py = Prage = Py = 2(/pragapvay. (C:2)

so that a lower bound on the entanglement fidelity can be expressed in terms of
diagonal density matrix elements in the original and rotated basis (with ¢ set to

7€ero):

F > =(pra,a + prvav — 24/PrEEPIVV + PLE H + Prvev — Praaa — PLv,v)- (C.3)

DO | —

These diagonals are expressed in terms of the measured probabilities as:
pusns = P(SIINP(M) and prsns = P(S|IT)P(IT). (C.4)
For fidelities .# > 0.5, the underlying quantum state is entangled [27].

C.2 Fidelity and Entanglement of Formation for the Ion-Ion
Experiment
Since the desired resulting entangled state is [ )arom = (|1, [1), — 1), [1),)/V2,
the calculated fidelity is .% = (py1.11 + p1011)/2 + |p11.11|, where piju = (2j|p|kl) and
i,7,k,0l € (1,]). The unrotated basis measurements yield p|; ||, pi1.11, Pr111, and
pi1.11 directly. The rotated basis measurements yield gy 11, pi1.11, P1111, and P11,
where p;; 1 corresponds to the density matrix elements after the applied microwave

7 /2 rotations with phase ¢, and ¢, on the two ions. We find

PLiil + Pt — Pitat — Pt = 2piri] cos(da — @) + 2|y 11] cos(da + ¢p). (C.5)

In the experiment, we control the relative phase A¢ = ¢, — ¢, between the microwave
pulse on each ion, but have no control over the absolute phase of the applied mi-

crowaves. Therefore, the measured contrast in the rotated basis measurement comes

131



entirely from the p|; 4, term, with a resulting fidelity: # = (py1. ;1 +p11.0, +C)/2 =
0.63 £ 0.03, where C' is the contrast of the oscillations in Figure 9.4.

A lower bound on the entanglement of formation can be calculated by suppressing
the unobserved single-qubit coherences (e.g., py; ;1 or py).11), which cannot increase

the entanglement. The resulting density matrix can then be expressed as

[DalBy [DalDy Doy el

|~L>a|l>b 0.11 0 0 PLL 1T
0 0.38 0.235 0
|l«>a |T>b (06)
T 1)y 0 0.235 0.40 0
Do T\ P 0 0 0.11

From this, the lower bound is numerically calculated using the procedure outlined in
references [168, 169] resulting in a concurrence of % > 0.25 4+ 0.04 and an entangle-

ment of formation of & > 0.12 £ 0.03.
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APPENDIX D

Phase of Entangled State.

When considering all phases, the quantum state of the system before interference

on the beam splitter is:

5[(efszt |T>a ezk,,Txa—zw,,Tt|VT>a . efzwlt |l>a eml’lx“_w”lt‘yl>a) ®

(71t 1), et |y, — e it 1), ety ) (D)

where fi(w; —w|) and A(w,, —w,, ) are the energy differences between the two atomic
and photonic qubit states, respectively, and z; is the photon path length from the
ith ion to the beam splitter. However, since wy + w,, = w| + w,, the equation can

be rewritten as:

1 . A A A
5[(€m””“ Mo [1)a = €47 1) [11)a) @ (™17 1) [g)s — €47 1)y [v)0)]- (D-2)

The two photons emerge from the beam splitter along separate paths only if they
are in the antisymmetric state | U™ ) photon = (|¥1)alvi)s — V1) alvi)s)/v/2. Therefore,

the ions are projected onto:

1

\/5(— [Tha [0y + 7254 114 1), (D.3)

where Ak = k,, — k,, and Ax = x, — 1. It is important to note that the entan-

glement is insensitive to fluctuations in the path length at the scale of the optical
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wavelength [116, 54]. The relative phase appearing in the entangled state of Equa-
tion D.3 is only sensitive to path length fluctuations compared to the wavelength
associated with the frequency difference of the photonic and atomic qubit states
2w/ Ak = ¢/(w,, —wy,) = 2.4 cm. Stability over this scale is easily achieved.

While this stability is passively achieved, the path lengths can be changed. The
data reported in Chapter IX was taken with a single fixed value for AkAz. The ex-
perimental results for this choice of AkAx is repeated below in Figure D.1. However,
following this data set, the path length of one ion z, was increased by ~ 0.5mm.
A complete set of rotated data was again taken with this setting for AkAz and is
shown in Figure D.2. As can be seen from this data set, the phase of the resulting

entangled state has changed by ~ 1.1 radians, consistent with the change of z,.

1 T T T T T T T T

o
o

o
o

o
~

Propbability for odd parity

o
N

O 1 1 1 1 1 1 1 1
-40  -20 0 20 40 60 80 100

Pulse delay [us]

Figure D.1: Measured probabilities in the rotated basis: first choice of AkAx — Results repeated
from Figure 9.4. The absolute phase of the interference pattern depends on two factors: the
difference in microwave transmission lines to each ion and the photon path length difference from
each ion to the beam splitter AkAx. The fitted curve has a phase offset of —30 + 1.8us, contrast
of C'=0.47 + 0.05, and vertical offset of 0.30 = 0.03.
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Figure D.2: Measured probabilities in the rotated basis: second choice of AkAxz. The absolute
phase of the interference is shifted with respect to Figure D.1. This is due to a change in AkAx
by changing z, by ~ 0.5mm. This new fitted curve has a phase offset of —48 + 2.3us, contrast
of C' = 0.44 £+ 0.06, and vertical offset of 0.30 4+ 0.03. This phase offset is different from that of
Figure D.1 by 18 us corresponding to ~ 1.1 radians, consistent with the change of z,
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APPENDIX E

Cd " Interactions with Intense Nanosecond Laser Pulses

In one of the first experiments in our trapped cadmium ion system, the possibility
of state-dependent forces with fast laser pulses was investigated [170]. In these
experiments, a frequency-quadrupled QuantaRay DCR-2 Q-switched Nd:YAG laser
provided the fast laser pulses at 266 nm (fundamental wavelength of 1064 nm). This
10 Hz laser provided ~ 60 mJ of laser power at 266 nm with an estimated pulse length
of 6 ns. While this laser is significantly detuned from the atomic 25}/, < P 5 and
2S1/2 <> 2P3)y transitions in cadmium, the high intensity pulses still allowed for a
large a.c. Stark shift on the atomic ground states and through the interaction with
the optical potential, could allow for a state-dependent force on the ion (Figure E.1).
In the end, we were not able to detect the effects of the a.c. Stark shift because it was
found that the bandwidth of the laser pulses was large compared to the 14.5 GHz
hyperfine splitting. This large bandwidth allowed for stimulated Raman transitions
between the hyperfine levels which washed out any signal we may have been able to

detect from the state-dependent force (Figure E.2).
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Figure E.1: Relevant energy levels and excitation scheme for the state dependent force experiments
using 266 nm laser radiation.
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Figure E.2: Nanosecond Raman transitions. (a) Bright state population (F = 1 manifold) as a

function of nanosecond pulse energy. (b) Bright state population vs. pulse energy for different laser
polarizations.
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