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Abstract

With continued development of laser-atom interaction, systems of trapped ions offer a
promising platform for the realization of fault-tolerant quantum information process-
ing (QIP). Much progress with single atomic and molecular ion qubits has been made
both in theory and experiment on the fundamental building blocks for scalable QIP
architectures. Nonetheless, difficulty still remains for quantum network implemen-
tation and spectroscopy protocols for atomic and molecular ions, respectively. The
objective of this thesis is to design and test the ion trap integration with photon res-
onators, which can facilitate coherent ion-photon state transfer in quantum networks,
and microwave spectroscopy for molecular ion rotational states.

The first part of the thesis describes a novel planar trap design with an integrated
optical cavity. Proposals for photon number memory with trapped ions are presented,
and experimental implementation for single ion cavity QED is explored. In addition,
a study of vacuum-induced scattering loss increase is performed for mirror coatings
at scveral temperatures and wavelengths, from which a method of retaining cavity
finesse was developed.

In the second part, an experiment is proposed for microwave quantum logic spec-
troscopy of molecular ions. With a cavity ficld to facilitate entanglement between co-
trapped single atomic and molecular ions, a reliable and non-destructive spectroscopy
method, as well as molecular ground state cooling can be realized.

Thesis Supervisor: Isaac L. Chuang
Title: Professor, Departments of Physics and EECS
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Schematic of a cavity QED system. A single ion is trapped at the mode
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Level diagram of the coupled ion-photon system. On the left and right,
are the level diagrams of a non-interacting, and resonant cavity ion
system, respectively. For the latter, the frequencics satisfy we ~ wy.
With coupling strength ¢, the degeneracy in each manifold is lifted by
24/ng, resulting in a Rabi doublet.

Level diagram involved in Purcell effect modeling using optical Bloch
cquation. A single photon excitation is involved in a cavity QED sys-
tem. State |1) = | 1,0) and |2) = | |,1) are coupled via a Rabi
frequency g, and both decay to |3) = | |,0) at rate I and &, respec-

tively. . . . .

Schematic of a deterministic quantum network for single ions. The
two nodes in the network consist of trapped ions, which couple to
a flyving qubit via a coherent mapping to photons in optical cavities
as the quantum interconnects. Photons bearing the state from ions
in cavity 1, transmit through the photonic channel between the two
nodes (represented by the field operator ¢y ou(t) and ¢2,(t)), and are
mapped to the state of the ion in cavity 2. To maximize the coupling
fidelity, the coupling strength g 2(¢) needs to follow a particular time
dependent pattern. This is facilitated by coupling the ion state | )12
and | 1)12 using a Raman scheme via a state |r);», which gives a

tunable cffective coupling strength gy 2(t) to the cavity field. . . . . .
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Schematic showing the cavity QED system with two ions, as the quan-
tum interconnect for a two-ion node. (a) two ions are trapped in sym-
metry with respect to the cavity field spatial profile, which are indistin-
guishable to the field. A Raman scheme is employed so that a tunable
cavity-ion interaction can be realized as in Sec. 3.2. The wave vector
for the cavity and Raman beam is labeled kg and k¢, respectively. The
angle between ke and the ion chain axis is labeled 6. (b) with a laser
directly addressing the | |)12 — | 1)12 transition, phonon excitation
|7)pr in the ion’s motional state can couple to the two ion collective
state via sideband transitions. The carrier transition Rabi frequency

islabeled Qp . . . . . .

Atomic level structure for 38Srt qubit implementation. (a) Wave-
lengths and decoherence time for relevant qubit operating transitions.
Qubit transition is implemented on the 674 nm 55, /, —4 D5/ quadruple
transition. The 422 nm S, /2 — Py 2 dipole transition is used for Doppler
cooling and qubit detection. If the ion is in the | |) state, it can scatter
Doppler photons from an incident 422 nm laser, which can be detected
through a PMT. Otherwise the ion remains dark. The 1092 nm laser
is used to repump the population from 4Dj/, state to ensure Doppler
cooling and detection efficiency. The 1033 nm laser is used to pump
states from | ) to | 1) via the 5P;/, state for qubit initialization. The
408 nm laser is the used for the Raman scheme cavity coupling shown
in (b). (b) Raman scheme and A structure chosen for cavity QED.
Compared to Fig. 3.2 and Fig. 3.3, the 55,2, 4Ds/> and 5Py /> state
are used for | }), | 1) and |r), respectively. For simplicity, we use the
same detuning for the cavity and Raman transition, i.c. d¢ = 04 = 4.
(c) Magnetic sublevels for qubit transition. Due to Zeeman splitting,

the qubit transition is chosen to be the transition between 551 /2,m;=—1/2

and 4Ds/3 ;n,—5/2. The population in 551/2,,;-1/2 is pumped out via

the 551/2.m;=1/2 = 4D5/2,m;=—3/2 and 1033 nm repumping transitions.
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Schematic of the cavity trap design. A planar ion trap is inserted
between two curved cavity mirrors, which form a cavity mode through
the central aperture of the trap. The cavity is designed such that the
ROC for the bottom and top mirror follows Ry < Ry, and the cavity
length L satisfies Ry < L < Ry + Rs. In such case, the cavity waist,
and hence the ion position is much closer to mirror 2, which contributes
predominantly to the diclectric surface charging noise. This noise can
be minimized by the shielding effect provided by the trap aperture,
which can be made as small as close to the scale of the cavity waist
(limited by the cavity clipping loss). In place of the single ion depicted,

a two-ion chain can be formed along the trap axis, orthogonal to the

cavity axis, allowing for the implementation of configuration in Fig. 3.3. 69

Schematic of the cavity trap design with flat bottom mirror. A planar
ion trap is fabricated directly on a high-reflectivity mirror substrate,
with an aperture left on the central ground electrode. Through the
aperture, a cavity field is formed between the mirror substrate and
another curved mirror above the trap, for which the waist is on the
flat mirror surface. Witl
the Raleigh range of the cavity mode, the ion is close enough to the
cavity waist to realize strong coupling. In such case, the diclectric
surface charging noisc comes predominantly from mirror 2, and can
be minimized by the shiclding effect from trap aperture, which can be
made as small as close to the scale of the cavity waist (limited by the

cavity clipping loss). . . . . . ... ...

Scgmented trap design. A mirror trap design is shown to scale (except
ions). The segmented trap design can avoid possible contamination
from oven flux, by scparating the loading cavity zone. Shuttling of the
ion can be implemented by varying the DC clectrode voltages after the

ionis trapped. . . . .. ..



4-3

4-4

Schematic of mirror trap design. The trap electrode configuration is
shown on a 0.5 inch high reflectivity mirror as the substrate for fabri-
cation. The clectrode widths are optimized such that w, = 1.2w, and
wq = 4w, according to Ref. [Hou08]. The electrode gap size satisfies

de K we. ..o

Assembly design of the cavity trap system. (a) the assembly design.
The base plate holding the system is shown mounted in a 4.5 inch vac-
uum chamber via groove grabbers, with Vespel SP3 spacers in between.
The mirror trap packaged with an adapter is shown mounted at the
center of the base plate. The upper cavity mirror connected to a piczo-
clectric tube (pzt) is aligned with the mirror trap via a tripod mounted
on the base plate. (b) and (c), the two normal modes of the base plate
and cavity tripod system, which strongly couple to the cavity length.

The resonant frequencies are 23.9 kHz and 36.4 kHz, respectively.

Schematic of mirror trap fabrication with c-beam evaporation. (a) a
high reflectivity mirror substrate is prepared for fabrication. (b) a layer
of photoresist is spin-coated on the mirror surface. (c) using contact
exposure followed by resist development, the photoresist is patterned
for trap electrode configuration, where resist remains along the trap
gaps. The angle 6 is an important feature for lift-off resist, which
avoids latcral metallic coating, and thus makes the lift-off step easy,
as illustrated in (d) and (e). (d) with e-bcam evaporation, metal clec-
trodes form on the mirror surface following the resist pattern. (e) after

lift-off, the resist in the trap gaps are removed. . . . . . . . . .. ..
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Trap RF breakdown and its corrclations to bubbled metallic edges.. (a)
RF brcakdown obscrved for evaporated mirror traps with an RF sig-
nal (approx. 200 V,, and 20 MHz) applicd across the electrodes under
vacuum, as observed with a CCD camera. (b) SEM picture of a typical
clectrode edge, which docs not exhibit breakdown. (c) SEM picture of
a typical electrode edge, which exhibited RF breakdown. Compared
with (b), we found a region (500 nm width) with clusters of small
mctallic bubbles along the clectrode edge. (d) SEM picture showing
he same patterns in (c¢) found on samples fabricated for experiment in
Ref. [HWS*11], which were tested with no breakdown characteristics.
(¢) SEM picture showing the metallic bubbles found near the photo-
resist. (f) SEM picture showing the lift-off resist undercut and the
region of observed bubbles (c.f. Fig. 4.2.1-c,d). (g) SEM picture show-
ing resist coated by a metal layer from the lateral directions, making it
difficult to lift off. (h) back side illuminated microscope image, show-
ing a typical failed sample from lift-off with metallic coating resembling
that in (g). Lightened lines are the clectrode gaps. . . . . . . . . ..
Schematic of mirror trap fabrication with electroplating. (a) a high
reflectivity mirror substrate is prepared for fabrication. (b) a layer of
silver sced layer is coated on the substrate. (c) photo resist is patterned
on the sced layer in the lithography step, where resist remains along
the trap gaps. (d) with clectroplating, gold clectrodes form on the seed
layer following the resist pattern. (¢) the photoresist is removed using
solvents. (f) the silver sced layer uncovered from the resist removal is
ctched away with solution to which gold is inert to. . . . . . . . . ..
Packaged electroplated trap. (a) Microscope image showing a sample
of gold clectroplated mirror trap. (b) Mirror trap packaged in the
mirror adapter mount, with breakout boards shown to which the trap
clectrodes arc wire-bonded to. Inset of (b) Low profile wirc bonds for

laser access to ion height at 150 pm above trap surface. . . . . . . .
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4-10
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4-12

4-13

Micro-mirror fabricated using laser melting. (a) microscope image of
a micro-mirror. The arrow shows the direction along which a profile
measurement is taken. Due to the camera and profiometer needle mis-
alignment, the the cross section is off-set to capture the deepest profile
of the sample. (b) A calibration curve is given for ROC as a function of
pulse frequency (c) A typical prifiometer measurement result for mirror

ROC characterization. . . . . . . . . . . . . .. ...

A typical transmission through the Fabry-Perot cavity formed with
a micro-mirror and a flat, well characterized commercial mirror from
ATF. The cavity length is scanned during the measurement, and the
incident laser frequency is modulated with an EOM. Cavity loss can
be obtained by fitting the obtained transmission curve with Eq. 4.8.

Shown also, is the residual plot for this fitting. . . . .. .. ... ..

Schematic of the laser delivery and imaging optics setup. (a) laser
delivery setup for ion trapping (Sce Fig. 3.4.1 for ®8Sr+ level structure).

(b) imaging optics outside the chamber. . . . . . . ... ... ..

Scattering loss incrcase characterization over oven loading. (a) scat-
tered photons from photo-ionization laser (461 nm) intersecting oven
flux. To characterize the scattering loss increase due to oven flux con-
tamination, a high reflectivity mirror is installed in place of the trap
shown. Scattering loss before and after oven loading is measured at
scveral spots along the trap axis. (b) mirror scattering loss compar-
ison between cavity and loading zone, before and after running oven

Aux. . e

Doppler scattering spectrum of a stably trapped ion. The pzt voltage
on the filtering cavity of the 844 nm laser (z-axis) is used to control
the frequency detuning of the Doppler laser. The scattering intensity
is measured by the PMT photon counts shown on the y-axis. A CCD

camera image of the trapped ion is shown in the inset. . . . . . . ..
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5-1 (a) Schematic of the experimental setup for chamber 1. A pair of mir-

rors forming a high finesse cavity with cither Ta,O5 (coating I-1) or
SiOy (coating 1-2) as their surface layer, arc placed in high vacuum.
Light from a single mode lager at 370 nm is used to probe thc cav-
itics as the laser frequency is slowly scanncd lincarly by a function
generator. The transmitted light from the cavity is incident on an
avalanche photodiode (APD). The laser frequency is also modulated
by a fast square-wave signal, which results in an intensity frec-decay
of the cavity’s transmitted light each time the slow scan brings the
laser to resonance with the cavity (time = 0 us). (b) Schematic of
the experimental setup for chamber III. Two pairs of mirrors forming
high finesse cavitics with SiO2 (coating I1I-2) and Ta;O5 (coating ITI-1)
as their surface layer, respectively, are placed in high vacuum. Light
from a single mode laser at 422 nm is used to probe the cavities as they
are scanned by piezo-clectric transducers (PZT). The transmitted light
from cach cavity is incident on an avalanche photodiode (APD). When
the cavity becomes resonant with the laser, and the signal intensity
rcaches a defined threshold in a comparator, the laser light is switched
to be off-resonant with an accousto-optic modulator {AOM) (time =
0 us), resulting in an intensity free-decay of the cavity’s transmitted
light. (c) A typical intensity free-decay curve measured for 370 nm
(coating I-1), fitted with an exponential model with a time constant of

Te=411ms. . . . ...
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9-2

(Coating I-1) Loss increasc over time at various temperatures, as sep-
arate pancls on a linear scale (a) and combined on a log-log scale (b):
21°C, 50°C, 75°C, 100°C, 150°C (chamber I); and 33°C (chamber II)
The observation time range is different for cach temperature data set,
ranging from a few days (100°C) to a few years (33°C). Each data
set is fitted with an exponential model shown as a solid line (a, b),
weighted by the inverse variances of the data points. The exponential
time scale is very sensitive to temperature. Error bars are statistical
and correspond to one standard deviation (smaller than the size of the

data symbol when not shown). . . . . .. .. ... 0oL

(Coating I-1) Logarithm of loss increase time scale, from an exponential
fit (Fig. 5.2.2), against temperature. We fit In(7y,) with a model of the
form a/(273 + T) + b to all data points (red solid line); the fitted
values are a = 7000(1500)K and b = —13(4). We also fit In(ry,) with
a linear model (black dashed line) and obtain a negative slope of 1/e
per 19(5)°C. The fits arc weighted by the inverse variances of the data
points. Brackets and error bars indicate a 68% confidence interval on

the fitted values. . . . . . . . . . .o

Optical loss increase observed in chamber 111 for an optical cavity com-
posed of mirrors with coating III-1 (422 nm, Ta»Os surface layer) at
57°C. With the current data, we do not have a good explanation for
the initial slow loss increase, which is observed only in this data set. It
could be attributed to the thermal relaxation time of the mirror, whose
temperature was monitored on the mirror mount, which is connected
to the mirror via a ceramic piezo tube. Error bars are statistical and

correspond to one standard deviation. . . . . ... ..o oL
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(Coating I-1) (a) Recovery with oxygen at 21°C, following the data set
at 21°C (Fig. 5.2.2). Oxygen at a partial pressure of 1072 Pa gives a
barcly statistically significant recovery (blue squarcs), while the atmo-
spheric pressure of oxygen (red diamonds) gives full recovery to initial
loss level (dashed line). (b) Recovery with atmospheric pressure of oxy-
gen at 21°C (blue squares) and 150°C (red diamonds), following a loss
increase at a much higher temperature of 150°C (data not shown). The
recovery is slower and does not reach the initial loss level (dashed line).

Error bars arc statistical and correspond to onc standard deviation.

(Coating I1I-1) Laser-assisted loss recovery processes observed in cham-
ber II1. (a) loss recovery process examined during both illuminated and
non-illuminated periods. (b) recovery rate obtained by fitting data in
(a) using a linear modecl, and compared for both the illuminated and
non-illuminated periods. (c¢) optical loss fully reversed in a continuous
illumination process. We fit an exponential model and find the time
constant to be 56.5 hrs. Error bars are statistical and correspond to

one standard deviation. . . . .. .. ..o

Loss vs time for different mirror top layer coating: (a) Loss incrcase
at 57°C measured at 422 nm for top layers: TasOs, coating ITI-1 (red
circles, data also shown in Fig. 5.3.1), and for 110 nm SiO, coating
I11-2 (blue diamonds). The dashed line is a lincar fit with a slope of
—0.005(2) ppm/h. (b) Loss at 100°C mcasured at 370 nm for top layers:
TasO5, coating I-1 (red circles), and for 1 nm SiOs, coating I-2 (blue
diamonds). The dashed line is a linear fit with a slope of 0.23(3) ppm/h.

Error bars are statistical and correspond to one standard deviation.

justification = justified . . . . ... o000 0L
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6-2

7-1

7-2

Summary of the quantum logic spectroscopy protocol. Green: initial
ground state preparation via projection measurement for a single spec-
troscopy ion and detection ion pair. Purple: spectroscopy procedure
starting with system initialized to spectroscopy ground state. State
re-initialization is achieved using projection measurement. The index
j refers to the j** cooling cycle after failing in projecting the mixed

rotational state onto a pure state |j —1)s . . . . ... ... ... ..

justification = justified . . . . . . ... ..o

(a) Effective LDP produced by spatially varying laser ficld for three
different scenarios, all at wavelength A = 1 um. Red: focused laser
beam, wy = 2 pm. Green: retro-reflected laser beam, wy = 20 pm.
Blue: Cavity laser beam, wg = 100 pm, cavity finesse, F = 1000. (b)
Estimate of spontancous-Raman-rate-to-Rabi-frequency ratio. Raman
scattering rate is estimated using 1073 x Rayleigh rate, for travelling

and standing waves, both at wavelength A = 1 pym.
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Chapter 1

Introduction

Ever since man wrote down their first equations, it has become an integral part of
human nature to describe the observed with mathematical models, and to predict
the unknowns through computation. With continued expansion of the horizon of the
cxplored mathematical world, the scale and complexity of computation, and hence
our desire for faster and more reliable computational tools escalates as well. On the
other hand, the investigation in new computational technologies never stops. Each
breakthrough in algorithm or computational hardware development in the history
has always triggered revolutionary advancement in all scientific fields. Today, as
the world enters the information era and our exploration of nature moves into the
quantum level, the demand of computational power has again quickly cxponenti-
ated [Fey48]. Although much effort remains to improve the current computational
architecture [Chu36, Tur38, Sha48] and the efficiency of clectronic computers still
grow promisingly as Moore’s law[Moo65], many rescarches have focused on exploring

new ways of computing.

As one most promising model, quantum computing is shown in many cases, to
be able to result in exponential faster algorithms than those based on electronic
computers. The key difference underlying this intriguing advantage lies in the new
way information is encoded in quantum computers. Unlike in electronic (classical)

computers where a bit assumes two states, a quantum bit (qubit) is represented by
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a unit vector in a two dimensional complex planc. Quantum information encoded
in an n-qubit system thereforc lives in a 2”-dimensional complex space spanned by
the tensor product of n qubits. Compared to the 2" memory of an n-bit classical
computer, the encoding in this much richer space also allows for the possibilitics of

new cfficient algorithms.

With the concept proposed to cfficiently simulate quantum mechanical systems [Fey48,
Ll1096], quantum computing has found potential applications in many fields such as
database search [Gro97], factoring of large numbers [Sho83|, and systems of lin-
car cquations [HHL09]. On the other hand, tremendous efforts have been made
to scarch for the optimal implementation of quantum computers. Different proto-
types have been constructed from a variety of quantum systems, including quan-
tum optics [CY95, O’BO7], nuclear magnetic resonances [GC97, VSB*01], Joseph-
son junctions [MOL+99, MNAU02|, ncutral atoms [BCJD99, ALBT07], and trapped
atomic [CZ95, WMI*98| and molecular ions [DeM02, YN13]. The goal was not only
to realize the advantage in processing efficiency for a single quantum computer, but
also to implement a scalable guantum nctwork, with reliable interconnections allowing

for communications among individual computers.

This thesis investigate two models in quantum computing systems, trapped atomic
and molecular ions, and the use of photon resonators for quantum interconnect im-
plementation and qubit operation improvement. In this chapter, we give a brief
introduction to quantum information science using trapped atomic and molecular

ions, and outline the scope of this thesis.

1.1 Quantum information science

Quantum information science (QIS) secks to construct a new information architecture
based on the law of quantum mechanics, for computation and communication. Similar
to clectronic computers, the most clementary component of a quantum computer is

a binary register, called a quantum bit, or for short, a qubit. This conceptual binary
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register is composed of two discrete quantum levels | |) and | 1), which in general,
can be thought of as any two level system such as the two polarization states of a
photon [CY95], or two spin states of a nucleus [GC97]. Binary (or gate) operations on
qubits are facilitated via their coupling to external excitation, which flips the qubit
state from | ) to | 1) and vice versa. For instance, in the case of a nuclear or photon
qubit, qubit flips are done through polarizing optics, and resonant magnetic field
coupling, respectively. A wave function [¢) for this two-level system can be written

as a superposition of | |) and | 1):

) = | 1) + e8] 1), (1.1)

where the information is encoded in the complex plane spanned by the relative phase
e*?. For multiple qubits, the total wave function |¥) is represented by the tensor prod-
uct of wave functions for each individual qubits, resulting in a 2" dimensional space
for information encoding. Because of this new representation of information, many
efficient algorithms for applications inaccessible by classical information processing

have been discovered [Fey48, Sho83, L1096, Gro97, HHLO09].

1.1.1 Qubit implementation

While quantum computers offer exciting advancement in information science, the
exporimentél implementation can be quite challenging. Although conceptually, all
two level systems can be considered as qubits, the way they can respond to external
fields set further benchmarks to their candidacy for experimental implementation.
On one hand, because of undesired coupling to environment noise (decoherence),
most two level system approximations are only accurate within the excited state
life time (decoherence time). To reduce computational errors in this time frame,
desired quantum systems should use minimal time for computation relative to de-
coherence. On the other hand, coupling to a third stable quantum state might be
necessary in many systems, to allow for measurement to distinguish the binary states

| ) and | ). A more comprehensive list, known as the DiVincenzo criteria is com-
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piled in Ref. [DiV00], based on which different quantum systems have been proposed
and tested for qubit implementation. This includes for instance, polarization statcs
of photons [CY95, O’B07], spin states of nuclei [GC97, VSB*01], phase and flux
states in Josephson junctions [MOL*99, MNAUO2|, and assemble states of atom
clouds [BCJD99, ALB*07]. In Sce. 1.2, we explain in particular the implementation
with trapped atomic [CZ95, WMI*98] and molecular ions [DeM02, YN13].

1.1.2 Network of quantum computers

Similar to a conventional computer network, a quantum network consists of thrce
parts: 1) quantum computers as the network nodes, 2) quantum channels for infor-
mation transmission, and 3) interconnects between the computers and interconnects
to map information between stationary and flying qubits. The importance for cs-
tablishing a quantum network is not only for long-distance quantum state teleporta-
tion [BBC*93], but for its key role in distributed computation and secure communi-

cation.

As in a classical computer network, distributed quantum computation provide
wetwork, which overcomes any coustraints on
local quantum computers. Distributed computation also allows for morc cfficient
information processing [CEHM99]. In particular, the overall space for information
grows exponentially with the size of the quantum network, vs lincarly in a classical
computer network [Kim08]. While for a network of k classical computers, cach with

n bits of RAM, the total dimension of state space grows as k2", a quantum nctwork

with cqual size can have a state space dimension of 2%

Another advantage of a quantum network is that secure communication prototcol
can be established for cryptographic key (‘:listribut'ion [BB14]. By randomizing the
measurcment, bases of transmitted and received photon qubits, and confirming se-
lected measurement results for common bases, cavesdropping activitics can be faith-

fully detected, and shared keys can be securely distributed.
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1.2  Ion trap implementation

(b)

Figure 1-1: (a) Schematic showing a linear ion chain confined in an ion trap (lincar
Paul trap) consisting of four RF clectrodes and two end-cap (DC) clectrodes. A laser
beam is shown to address a single ion qubit transition. (b) Camera images of few
ions. Images by courtesy of University of Innsbruck.

Trapped ions have now become one of the most promising qubit implementations
for QIS. Figure 1.2 shows a schematic of atomic ions trapped in a Paul trap. In such
architecture, ionized atoms or molecules are spatially confined in radio frequency
(RF) electromagnetic ficlds. Qubit transitions arc chosen between the ground and a
meta-stable internal state of the ions. Coherent light sources are used to to facilitate
qubit state flips, and to further reduce the ions’ kinetic energy for stable confinement
via Doppler cooling. The scattered photons from the ions during Doppler cooling can

be used for ion imaging and qubit state detection.

Because the trapped ion system can be enclosed in an ultra-high vacuum (UHV)
environment (typically 1071 - 107" torr), background noise disturbance to the quan-
tum system can be significantly reduced; and because of the stable spatial confine-
ment, qubit state detection signals can be averaged over sufficient time to improve
the signal to noise ratio (SNR). Furthermore, the stable isotope structure allows for
the replication of identical qubit copies, making it possible to construct a scalable
quantum computing architecture. Since the advantage of trapped-ion systems are

considered in the original proposal by Cirac and Zoller [CZ95], continued progress
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has becen made towards experimental implementations, with atomic and molecular
ions, respectively. Because of the rich level structure in polar molecules involving
vibration and rotational states, the techniques to manipulate both the internal and
external states are quite different for atomic and molecular ions. We show the state-
of-art proposals and experimental implementations for both systems in Sec. 1.2.1 and

Sec. 1.2.2

1.2.1 Atomic ions

Two types of transitions are commonly chosen for qubit implementation in atomic
ion systems: electric quadruple, and magnetic dipole transitions (Sce for instance,
Ref. [MSWT08| and Ref. [HAB*14]) !. In both implementations, the Hamiltonian
governing the laser-ion interaction are well characterized. For system scaling, 2D
arrays [KMWO02] of trapped ions based on microfabricated ion trap chips [CBB*05]
have been proposed, and the scheme of entangling adjacent ions via Coulomb interac-
tions has implemented in various experiments with linear chains of ions [SKK100,
HHR™*05]. Besides the qubit transition (internal) in trapped ions, the motional
state (cxternal) is usually involved in QIS, especially for ion entanglement opera-
tions [Hom06]. Optical pumping and sideband cooling [DBIWS89] are used, for the
internal and external state initialization, with the statc-of-art fidelity (scc Ref. [NC00]
for definition) of 99.991% [MSW™08] and 99.9% [Roo00] achicved, respectively. As
a morc accurate figure of merit for gate-to-coherent time ratio with all noise source
included, the gate fidelity for both optical  MSW*08] and spin [HAB*14] qubits have
been measured close to unity for single qubit gates, allowing for fault tolerant quantuin
computing [Sho|. Because any multiple qubit gate can be re-expressed as a sequence
of single qubit gates and CNOT gates [DiV00], implementations of the two in many
experiment such as Ref. [HAB+14, BHLL14| can sufficiently provide a universal set
of quantum gates. Individual qubit addressing has been demonstrated in many ex-

periment involving multiple trapped ions in linear chains as well [SKK+00, HHR105].

1 also referred as optical and spin qubit, respectively
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For quantum network implementation, current experimental efforts focus on imple-
menting proposals for both deterministic [CZKM97, Kim08] and probabilistic [DLCZ01]
approaches. For the former, photon resonators (usually Fabry-Pérot cavities) are
used as quantum interconnects between network nodes and channels. Mapping be-
tween stationary (ion) and flying (photon) qubits is facilitated via strong coupling
in the framework of cavity quantum electrodynamics (cavity QED, see Chap. 3).
Although cavity QED has been demonstrated in photon resonators with ion crys-
tals (HDM'109], single ion cavity QED still remains to be implemented. For the
latter, projective measurement on the ion emitted photons over the network is used
to generate heralded entanglement between ions. Although first experimental demon-
strations [MMO™07] have low yields in entangled ion pairs due to limited light col-
lection efficiency, continued progress has been made recently to increase the limit via

optical cavities [CSF*13, MRR*14].

1.2.2 Polar molecular ions

The rotational states of molecules are promising candidates for qubit implementation.
Continued progress on experimental verification of DiVincenzo criteria has been made
since DeMille’s proposal [DeMO02]: Using a planer trap architecture, scalable quantum
computing can be realized in similar ways as atomic ions, with qubit transitions ad-
dressed by coherent microwave [SHDC13] or Raman [DM12, Leil2] laser sources, and
ion-ion interactions facilitated via Coulomb forces. In terms of gate fidelity, on one
hand, similar to atomic ion spin qubits, the microwave qubit level spacing for trapped
molecular ions suggests a coherent time of several hundreds of ms [SBC*11]. In ad-
dition, the small magnetic moments due to the large nuclear mass (opposed to that
of electrons) also imply less sensitivity to magnetic field noise, compared to atomic
ion spin qubits. On the other hand, a fast gate time (~ns) can still be obtained due
to the permanent large dipole moment of polar molecular ions. Sec. 7.2.1 in Chap. 7
shows an example for SrCl* molecules. Arbitrary single qubit rotations can be imple-

mented via microwave addressing, and similar to atomic ions, Coulomb intcractions

31



between trapped ions can be used for CNOT gate implementation, resulting in the
bases for universal quantum gate construction. Two flving qubits are envisioned for
polar molccular ion based quantum networks. For short distances (several meters),
polar molccules can couple to single microwave photons in microwave cavitics inte-
grated to planar ion traps [SBC111, Antll], which can directly be used for remote
entanglement generation. Although not specific to polar molecules, single microwave
photon generation [HSG*07], detection [JRH*10, BLS*10], and remote qubit entan-
glement generation [RSM114] have all been demonstrated in experiments. For long
distance, microwave photons can be converted to optical photons via e.g. an opto-

magneto-mechanical quantum interface [XVT14|, and transmitted through optical

fibers.

Although showing great promise for scalability, gate fidelity, universal gate and fly-
ing qubit implementation, it is difficult to implement an efficient spectroscopy method
for polar molecules for state initialization and detection. Several indirect spectro-
scopic approaches are proposed [DM12, Leil2, SHDC13], but only a few rcalized in
experiment [CGD*10]. Furthermore, due to the long wavelength of microwaves, in-
dividual qubit addressing can be non-trivial. Raman lasers can be used in place
of microwaves, which however trades off the compatibility of all-on-chip microwave

integration.

1.3 Thesis scope and contributions

This thesis is outlined as follows:

Part 1 of the thesis presents an introduction to quantum information science and
basic ion trapping technologies. In particular, besides the brief overview of QIS in
the proceeding sections in this chapter, Chapter 2 describes the dynamics of trapped

ions, and the coupling between the ion internal and motional states.

Part II and Part III present the thesis contributions to QIS with atomic and

molecular ions, respectively.



1.3.1 Atomic ion and optical cavity

Part II of this thesis work contributes partial solutions to the following challenges for

QIS with atomic ions.

Two-ion quantum node for two-photon quantum memory

In a deterministic quantum network [CZKM97, Kim08], quantum state of single pho-
tons can be mapped to single ions via strong coupling in optical cavities. With
multiple ions, not only can the ion-photon coupling be enhanced, the quantum state
of multiple photon states can be converted and stored with ions. In Chapter 3, after
a brief overview of the formalism of ion-photon interaction, we present an experiment
design where using two ions, a two-photon quantum memory can be realized in the
deterministic quantum network architecture. In particular, detailed pulse sequence

and analysis of experimental feasibility with ®Sr* ions are presented.

Microfabricated ion traps with optics integration

An important step towards single-ion-single-photon interconnect in an deterministic
quantum network is to realize cavity QED for a single trapped ion. Although exper-
imental demonstration on cavity QED has been achieved for ion crystals [HDM*09]
and single neutral atoms|[Kim98|, it remains difficult for single trapped ions. To get a
sufficiently large coupling cfficiency in a stable cavity configuration, a close distance
betwecen ions and cavity mirror(s) is required. This can result in photo-induced charg-
ing on the mirror dielectric surfaces, which can affect trapping stability and induce

undesired micromotions [WHL*11].

One possible solution provided in this thesis is a novel design of cavity-trap system.
With a planer ion trap fabricated directly on a mirror surface, and leaving an small
aperture on the central ground electrode, é, stable short cavity can be formed with a
waist of several microns. The ion exposure to dielectric material, and hence possible

charging issues arc minimized to the size of the aperturc. With the promising results
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from our proof-of-principle experiment at cryogenic temperature [HWS*11|, Chap. 4
in this thesis presents an implementation at room temperature, which avoids possible
ion-cavity alignment during temperature cycles necessary for cryogenic systems, and

paves the way for optical cavity integration.

Cavity finesse decay and recovery in high vacuum systems

Another challenge for ion-photon interfaces is to construct and maintain a high fi-
nesse optical cavity in UHV systems. The state-of-art technology to fabricate high
reflectivity mirrors for optical cavities uses TasOs and SiO; alternating dielectric layer
coatings, and typically finishes the coating with TasOs for its higher index of refrac-
tion [Sit83, RTKL92]. Evidence from many experiments have shown a scattering loss
increase for this type of coatings under UHV [SLM*12, BMS*13, CBK*13, Cetl1],
which can strongly affect QIS experiments. Morcover, no experiments have yet been
performed to understand the scattering loss increase mechanism in such systems, nor

to reverse the incurred loss efficiently.

In this thesis, we also constructed an experiment to study this loss mechanism
under controlled vacuum pressure and temperature, and obtained result to support
our hypothesis that the incurred loss is duc to oxygen depletion from surface oxides.
An in-situ method to recover the optical cavity from the induced scattering loss as

well. This experiment is presented in Chap. 5

1.3.2 Molecular ion and quantum logic spectroscopy

In part III of the thesis, partial solutions are given to the challenge of molecular ion

rotational state spectroscopy.

For QIS with polar molecular ions, single ion rotational state spectroscopy (read-
- out and initialization) and individual ion addressing can be challenging, because of
the lack of close transitions, and longer wavelength of microwave fields than typical

ion spacing.
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We proposed a scheme to use quantum logic spectroscopy [SRL*05] to overcome
both challenges. When co-trapped with a single atomic ion, entanglement through
their common motional bus can be used to map quantum states between the two.
Therefore, readout and initialization of the molecule can be facilitated by heralded
measurement on the atom. A spatially varying AC stark shift field by a laser field is
used to enhance the internal-to-motional state coupling for the molecular ion. Fur-
thermore, the switching of this field can turn on/off the inter-ion quantum state map-
ping, and hence provide single molecular qubit addressing, despite the long microwave
wavelength. This method can also be used for ground state cooling in molecular ion

rotational states. The work is presented in Chap. 6 and Chap. 7.

1.4 Contributions of coworkers

All above works arc completed through collaborations with my co-workers.

The project on optics-integrated traps was initiated by Peter Herskind based on
David Leibrandt’s original proposal, and Peter’s leadership continued till the mid
phase of the second half of the project - for tests at room témperature. Shannon Wang
led the trap tests for the first phase at cryogenic temperature. During the second
phase of experiment at room temperature, Michael Gutierrez designed and simulated
the new trap, and together with Richard Rines, and Helena Zhang, provided great
support in terms of maintaining the lascr optics, pulse programmer, and other control
softwarc for the experiment. I also followed Yufei Ge to practice nanofabrication

techniques till the early phase of the second experiment.

The work on cavity loss studies is completed through collaboration with the Vuletié
lab. Dorian and his coworkers performed half of the experiment with cavities tested
for coatings for 370 nm lasers. Michael Gutierrez helped to simplify the experiment
complexity and programmed the first script to allow for automatic data analysis.
Kai Aichholz helped to write the graphical user interface for one function generator

control software. Tailin Wu operated part of the experiment with me, and is currently
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leading the project for further studies.

The theoretical work of molecular ion spectroscopy was initiated by Peter, who for-
mulated the framework of effective Lamb Dicke parameter generation. Prof. Michael

Drewsen provided ideas to simplify the spectroscopy protocol.

My advisor Isaac Chuang contributed great insights, and initiated the collabora-

tions throughout all projects.
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The following is a full list of my publications related to this thesis work.
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(2015)
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3. M. Shi, et al, Microwave quantum logic spectroscopy and control of molecular

ions, N. J. Phys. 15(2013) 113019

4. P. F. Herskind, S. X. Wang, M. Shi, ct al., Microfabricated surface ion trap on
a high-finesse optical mirror, Opt. Lett. 36, 3045-3047 (2011)
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Chapter 2

Ion trapping fundamentals

Since its ground breaking cxperiments in 1950’s for mass spectroscopy [Pau90], ion
traps has provided breakthrough technologies for manipulation of single quantum
particles [Winl3]. For trapped-ion quantum computers; stable trapping at UHV is
cssential. The long ion storage time allows for better spectroscopy signals averag-
ing. The spatial confinement provides stable overlap with the laser fields for cooling
and qubit addressing, and the fine control of quantized harmonic motion cnables all
two qubit gates based on Coulomb interactions. In this Chapter, we overview the

theoretical background of the ion trapping techniques.

2.1 Trapped ion dynamics

Because the solution to Laplace’s equation does not allow local potential minima in
static clectric fields, a time-dependent field is needed to provide 3D ion confincment.
A fast oscillating field (typically RF frequency) in a linear Paul trap can result in
stable trapping in certain regime, where the ion motion can be approximated by a
superposition of harmonic motion in a pseudo static potential, and an oscillation
with the same frequency as the RF field. We present below an analytic formalism to

illustrate some basic aspects of ion trapping dynamics.
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Figure 2-1: (a) Standard lincar Paul trap geometry. The cross-scction of the trap
clectrode inner surface forms a hyperbola defined in Eq. 2.1. With DC and RF
potential applied on the clectrodes, ions can be confined in the x-y plane at the
hyperbolic center. Confinement in the z-direction can be realized using DC voltage
end caps. (b) With the clectrodes reconfigured on the same plane (top clectrode
removed, and potential at infinity is taken at zero DC), similar quadruple field for
trapping can be realized.

2.1.1 Paul traps

The standard configuration of a lincar Paul trap can be found in Fig. 2.1-a , where
the edge of the clectrode cross-section form a symmetric hyperbola, with the origin
located at the trap center:

— 41, (2.1)

With one pair of electrodes biased with an RF potential Vg cos(Qgst) , and the

other pair biased with DC potential U, the potential near the trap center follows

22— y? )
ey l) = 52 (U — Vrpcos(Qpet)). (2.2)
arg
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The zy-plane, or typically referred as radial motion of an ion with charge @ and mass

m driven by such potential is governed by the standard Mathieu equation

___dzcc + (@ — 2qcos(27))x =0 (2.3)
dr? 1 T )
d*y

=i (a — 2qcos(27))y = 0,

where the dimensionless parameters follow

2QVre 4QU
T e = — = Q t 2. 2-4
1 mriQ%.’ a4 mriQ3 e 4 rrt/ (24)

In the regime where ¢ < ¢ < 1 ( typically U is set to ground and hence a = 0),
an approximate solution for Eq. 2.3 can be obtained by separating the ion motion
into a large-amplitude slow motion, and small-amplitude fast motion. In particular,
with

r; = p; + 0;cos(27), ;= {z,y}, (2.5)

Equation 2.3 gives
d? ,
Zi;j(ﬁ{ + 8; cos(27)) £ (& — 2q cos(27)){p; + & cos(27)) = 0,

and hence
8 = Fqpi/2, (2.6)
where we have neglected the terms d2p;/d7?, a, and §; cos(27), respectively, and ap-

proximated [ 2q cos(27)p;dr = p; [ 2qcos(27)d7 for short time scales.

For the large-time-scale motion, by substituting Eq. 2.6 back to 2.3 and averaging

out the fast oscillation, we get

1/7rd7'd—2( 4 8;co8(27)) = 1/”(1 (a = 2gcos(2r)) (1F £ cos(2) ) pi
=/, o pi +0;cos8(27)) = qzﬁ | T qcos(2T ?2 ; Pi
d2 ' 2
b= (@rFap~—Lp, (2.7)
dr? 2

39



where again, for short-time-scale averaging, we approximated f drp; = p; f dr. The
solution of this decoupled differential equation takes a form of simple harmonic oscil-

lation, with an effective potential

1 [¢Qre]” .
¢ =-m {q RF] (2 +12), (2.8)

and f'réquency

(2.9)

The fast and slow oscillation d; cos(27) and p; arc referred as the micromotion and
radial secular motion of the trapped ions, which oscillate at the RF frequency Q2gp
(See Eq. 2.4), and secular frequency wge.,. The effective potential ® is called the
pseudo potential. Another useful quantity in trap characterization is the trap depth,

defined as

1 2 2 QZV}%F
Dy = —mwTry = ——55—- (2.10)
2 O AmrdQ%,

This approximate solution is valid only in the regime @ < ¢ < 1. In general,

hound trajectorics of ion motion exist in a closed region in the g-a space, which can
be obtained using analytic or numerical methods [Bar03]. Illustration of ion motions
with scveral large values of ¢'s and a’s can be found in Ref. [Kim11], via numerical

solutions.

In the z (axial) direction, two end caps orthogonal to the z-axis with equal DC
potentials placed at £z, can be used to confine the motion. In the approximation that
these end caps have infinite arcas, the resultant potential ¢,(z) does not affect the
ion dynamics in the zy-plane, and the motion in the z-direction can be approximated

with a simple harmonic oscillation, with an axial secular frequency wge. o given by

N (211)
z=0

Weec,a = bz — D)
2 m&Qpe | d2?
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2.1.2 Surface electrode traps

In surface electrode ion traps, similar trapping potentials can be generated with the
trap electrode configuration shown in Fig. 2.1-b. For such symmetric electrode con-
figuration, analytic forms of the the trap parameters can be determined by the field

(DC, and RF, respectively) and trap geometry [Hou08]. In particular,

16QV)
g = 59 Rr W , (2.12)
TmQsp (we + W) 2/ we(w, + 2wy)
! 2v72 ; ?
o, = -2 Var s (2.13)

m2mQ% e (Wa +wp)? + (wa + wp) 1/ 2wWawp + W ’
1
Yo = 3 V 2wawy + w2, (2.14)

where w, and w, arc the widths of the DC and RF electrodes, respectively, and
Wsee,r follows Eq. 2.9. Besides the trap characteristic parameters defined in Sec. 2.1.1,
such as ¢, wge, and @g, the ion equilibrium position yy, known as the trap height
is also nceded to fully characterize a planar ion trap. Unlike the other quantities,
Yo is purely determined by the trap geometry. Nonetheless, by driving the central
ground electrode with RF field with phasc locked to the RF rail, yo can be slightly
adjusted[Wes08, Cet11). Instead of the tile end caps, extra segmented DC electrodes
are used to provide confinement in the axial direction (see Fig. 2.1-b). In such case,
the axial secular frequency wie. o is similar to that defined Eq. 2.11, but with the total

changed to partial derivatives with z.

2.2 Qubit-motional state coupling

In trapped-ion QIS, many two qubit gates require ion entanglement facilitated through
common-motion state phonons [CZ95, MS99], and some even require qubit initialized
to the motional ground state [CZ95]. The manipulation of the ion motional state
is not through direct mechanical perturbation, but rather using indirect, more pre-

cisely controlled qubit addressing via qubit-to-motional state coupling. Becausc of
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the spatial ficld variation, the ion motion couples to its internal state transitions by
perturbing the two-level qubit state Hamiltonian. In this section, we formulate the
dynamics for trapped-ion qubit addressed by laser fields, and derive the Hamiltonian

for the ion qubit-to-motional coupling.

We consider an ion with mass m, charge (), and trapped in a harmonic potential
with secular frequency wy.. in either radial or axial dircction. The ion internal state
can be modeled as a two level system with the ground and excited state | J) and | 1)
separated by energy spacing fwg (A = h/(2w), h being the Planck constant). The
quantization axis is defined by the field direction of the addressing laser field which

is lincarly polarized and follows
E = 2E, (™) + h.c) /2, (2.15)

where Ey and w, are the laser field strength and frequency, respectively, and k& = 27 /A

is the wave number (\ being ficld wavelength).

Without loss of generality, the full Hamiltonian for a two level system confined in

a harmonic potential in a laser field follows

H = }Itx.t + IJ-mot + }[Iv

hQ2 -
= hwyo, + hwgeea'a + L—{)E( t+o) (e"’(’”‘_“’” -+ h.c.) \ (2.16)

=

where the internal, motional, and ion-laser interaction dynamics arce described by
Ho = hwoo s, Hpot = hwgeca'a, and Hy = BQg(ot + 07) (e 4 h.c.) /2, respec-
tively. a and a' arc the annihilation and creation opcrators for the ion motional states
). 0. = | G |+ G
and Qg = QFy|(1 |z] {}|/h is the Rabi frequency.

yor =D Jand o = | }){1 | are the Pauli spin matrices,

With the quantized motion z = og(a’ + a) (where ag = /h/(2mw,..) being the

motional ground statc wave packet size in the harmonic potential), the interaction
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Hamiltonian can be written as

h{2 ;
Hr = ——2—}3( t+o07) (e’("(at+a)_“’t) + h.c.> ; (217)

where we defined the Lamb Dicke parameter 7 as
n = 2mog/A. (2.18)

With 5 < 1 (referred as the Lamb-Deike regime), we can cxpand e™(e'+@) — 1 4
in(a' + a), and Hj thus follow H; = H. + H, + H,, where

Q) 4
- _z-f‘- ot +o7)e ™ 4 hec, (2.19)
RQ ;
H, =7 9R(0+a +o~a e ™ + hee.,

I i
H, = nT(a+af + o a)e ™ + h.c.

The full Hamiltonian thus follows H = Hy, + Hyot + H. + H, + Hy. When evaluating
the time-dependent transition probability for H using rotating wave approximation
(RWA) [CT92], the contributions from H; all vanish! except H,, H, and H,, for laser
frequency close to w = wy, W = Wy — Wsee aNd W = Wy + Wsee, respectively. These
three resonant transitions arc referred as the carrier, red sideband, and blue sideband
transitions of the qubit. H, and H, couple the internal state to the motional state
transitions via the interaction terms ota, 0 al, 0+ta'o~a, and the corresponding Rabi

frequencies follow

2

Qn,n—l - ﬁ<n - 17T IHr'| ~L7 n> = 77\/7_1912, ‘ (220)
2

Q'n.,'n+1 = E(n +1,1 IHbI 8 Tl-) =nVn+ 1Qg. (221)

The red sideband transitions can be used for sideband cooling, which uses the internal-

motional coupling to remove phonon cxcitation with optical fields [WI79].

! Valid only when the qubit transition linewidth T < wye, known as the resolved sideband
regime. :

43



Part 11

Atomic ion and optical cavity

14



Chapter 3

Theory of ion-photon interaction

In an atomic ion based quantum computer, the ability to manipulate ion-photon inter-
action is essential, as it facilitates all aspects of QIS, including control, gate operation,
detection, and stationary-to-flying qubit conversion. For control, gatc operation and
detection, implementation of efficient ion-photon interface has demonstrated signif-
icant improvement towards scalable QIS (Sce for instance, Ref. [LLVC09, CSF*13,
CBK™*13], respectively). For conversion between stationary to flying qubit, research
efforts still focus on the experiment realization of deterministic as well as probabilistic
quantum network. In this thesis, we focus on the former, where deterministic state
mapping between ions and photons is implemented in an optical cavity, in the frame
work of cavity quantum clectrodynamics (QED). This chapter focuses on the theoret-
ical formalism of cavity QED and quantum network model, as well as an experimental
design for a two-ion quantum memory implementation with ®Sr* ions. Sec. 3.1 and
3.2 review the formalism in literature. The work of a two-ion quantum node design

in Sec. 3.3 and 3.4 is original.

3.1 Cavity QED

Cavity quantum clectrodynamics, or cavity QED is the study of quantum dynam-

ics of electromagnetic fields in cavity resonators. With the boundary confinement
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Figure 3-1:  Schematic of a cavity QED system. A single ion is trapped at the mode
waist of a cavity field, with which the internal transition is at resonance, at coupling
strength ¢g. The decoherence rate of the cavity and ion is denoted & (Sce Appendix A
for definition) and [, respectively.

imposcd by the cavity, photons with well-defined modes act as single quantum ex-
citation. Such excitation can couple to quantum systems with the same resonant
frequencies, and exhibit interesting dynamics between a stationary and a flying quan-
tum system [Kim98]. Cavity QED has been implemented in many physical systems,
such as atoms with optical [Kim98| or microwave cavities[Har13|, Josephson junctions
[GDS09], and quantum dots [KRG*03|. For trapped-ion based quantum computers,
realization of cavity QED is essential for the construction of a deterministic quan-
twn network [CZKM97, Kim08]. We begin by briefly overviewing the theoretical

formalism for cavity QED below.

3.1.1 Hamiltonian

A schematic depicting a typical model for cavity QED systems is shown in Fig. 3.1,
where a two-level atom with energy spacing hw 4 interacts with a photon excitation

hwe in a Fabry-Pérot cavity, via coupling strength g, which follows

d,. d, | hwe we
= = —4 | —— = d(} _ 3.1
9=3Ec =1V 2V = %\ 2hegv (3-1)

where d, is the dipole moment of the two-level atom, and Fe is the quantized clectric
field in the cavity. The mode volume occupied by the photon ficld is represented by

V', and €, is the vacuum electric permittivity.
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Figure 3-2:  Level diagram of the coupled ion-photon system. On the left and
right, arc the level diagrams of a non-interacting, and resonant cavity ion system,
respectively. For the latter, the frequencies satisty we o~ wa. With coupling strength
g, the degeneracy in cach manifold is lifted by 24/ng, resulting in a Rabi doublet.

The dynamics of the system is described by the Jaynes-Cummings model [JC63)
H = —hwao'o — hwecle + kg (C‘TO’ + ca") (3.2)

The three terms from left to right represent the dynamics of the atom, photon, and
atom-photon interaction, respectively. The raising and lowering operators of the atom
are given by o = | 1){} |,| 4){(1 |, and the creation and annihilation operators of the

photon excitation arc represented by ¢! and ¢, respectively.

Because of the interaction term hg (cTo + ca") involves exchange of photon with
atom excitation, the Jaynes-Cummings Hamiltonian can be decomposed to a set of

vacuum Rabi doublets (See Fig. 3.1.1):

(Hy . o0

H=1 : H, 2 | (3.3)

R

where

H, = nhwe|l,n){l,n|+ ((n — Dhwe + hwa)| T,n — 1){t,n — 1]
b hvg(tn = D(hnl + | bon) (i —1]). (3.4)
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The cigenstates for cach vacuum Rabi doublet take the form

IR 0% .
£.m) q:ﬂ\/li sl ) f\/ %H —==C| .0 — 1), (35)

with energy splitting

oc h
Ei,=h (muc — —%i) + .—7-\/5%‘4 + 4ng?, (3.6)

where 0c4 = we —w4 is the cavity-to-atom detuning, and the Rabi frequency between

the two eigenstates follows Qp = (E,, — E_,)/h = /0%, +4ng?. In the ncar-

resonance limit with dgq < g,

o) =lhn), [=n)>|fn-1), Qrx=2Vng. (3.7)

3.1.2 Effect of decoherence and optical Bloch equation

The Janynes-Cummings Hamiltonian in Eq. 3.2 describes the dynamics of a closed
system formed by the atom and photon excitation, where density matrix p(t) cvolves

as
dp Z
L= __H, . .
5 = Rl (3.8)

The system can couple to the environment via two mechanisms of decoherence, namely
atomic spontaneous emission and cavity decay, which are generally measured by I" and
%, respectively. While the expression for & is derived in Appendix A (See Eq. A.9),

I" follows
o di
"~ 3mwephcd’

(3.9)

where d. is the dipole moment between the atomic state | |) and | 1), and ¢ is the

speed of light in vacuum. To include the decoherence mechanisms, Eq. 3.8 is modified
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Figure 3-3: Level diagram involved in Purcell effect modeling using optical Bloch
equation. A single photon cxcitation is involved in a cavity QED system. State
[1) = | 1,0} and |2) = | |, 1} are coupled via a Rabi frequency €2g, and both decay to
|3) = | ,0) at rate 1" and s, respectively.

with the Lindblad terms L, (p), and becomes the optical Bloch equation (OBE):

dp

7
= —% 1- EIYL(!
T =[H,p] + (p)

i 1 )
_%[f‘{"p] + E(l (L(IpL'l - i(leLﬂ' + Lj.rLf‘!p)) H] (310)
where the loss L, are given by
Lo = {VTo™, Vke}, (3.11)

and the Lindblad super-operator is defined as Lo(p) = LapLl — 3(pLl, Lo + L} Lap).

One important aspect in cavity QED is the cavity ficld modification to the atomic
cmission spectrum, which can be obtained by solving the OBE for the triplet system,

spanned by the states

1) =110, [2)=]L1), [3)=]1,0). (3.12)

In the near-resonance limit, |1) and |2) oscillates with 2z ~ 2¢. With the the system
initially in state |1), and in the limit I' < ¢ < &, the excited state population of the

atom, represented by the matrix clement pyy of the density matrix, follows

1g? .
P11 = —— —Pi1= (313)

K
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Compared to spontancous decay, the atom decays with a new rate I, = 4¢g%/k. The

ratio between I'. and the spontancous decay rate I' is the referred as the Purcell
factor, or cooperativity of the cavity neo, with .
44°

Ne = ——. 3.14

i T ( )

As an important figure of merit of a cavity QED system, the cooperativity e measures

the ratio of the scattered photon number from the atom into the cavity and that into

the free space!. In QIS, as we can sec in the following sections (sce also Ref. [DP04,

GALSO07]), a quantum interconnect based on cavity QED requires ¢ > 1, which is

referred as the strong coupling regime.

Another two important forms of ne are

3 /\% Wo
o= Ty Q= (3.15)
24F
= —5—3 (3.16)
whgwg

where the first expression is obtained using Eq. 3.1,3.9, and A¢ = 2m¢/we. This is
the first expression derived by E. M. Pucell, and shows that 7n¢ is independent of
the propertics of the atom. The second expression is obtained based on the first,
using x = cn/(LF) from Eq. A.9, where F is the cavity finesse, and V' = mwjl/4
for a Gaussian laser mode (L is the cavity length) [Cet11]. It shows further that the

dependence of ¢ on the cavity is only on the finesse F and the waist size wg, but

not the cavity length L.

3.2 Quantum Network

One important application of cavity QED systems is the quantum interconnect in
the deterministic quantum network [CZKM97], the schematic of which is depicted

in Fig. 3.2 (for single ion case). Two quantum nodes are connected by a photonic

! See also Chapter 4 of |Lei09)
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Figure 3-4:  Schematic of a deterministic quantum network for single ions. The
two nodes in the network consist of trapped ions, which couple to a flying qubit
via a coherent mapping to photons in optical cavitics as the quantum interconnects.
Photons bearing the state from ions in cavity 1, transmit through the photonic channel
between the two nodes (represented by the field operator ¢q 4, () and ea,,(f)), and
arc mapped to the state of the ion in cavity 2. To maximize the coupling fidelity, the
coupling strength g 2(f) needs to follow a particular time dependent pattern. This
is facilitated by coupling the ion state | 1), 2 and | 1),2 using a Raman scheme via

a state |r); 2, which gives a tunable effective coupling strength ¢y 2(¢) to the cavity
field.

channel (e.g. an optical fiber), through which a photon as the flying qubit transmits
with negligible loss. Trapped ions, as stationary qubits in the cavity, arc coupled to
photons via cavity QED. The goal, is to map the ion state in cavity 1 to a photon
sate, and then reversely to the ion state in cavity 2. To maximize the fidelity, one
nceds to be able to control the ion-photon interaction strength g(¢) in cach cavity,
which can be facilitated through a Raman process in a three-level A configuration.
We begin by reviewing the formalism in Ref. [CZKM97] for a single ion case in cach

cavity, and then move to the formalism for multiple ions.

With a single ion in cach cavity (Fig. 3.2), the goal is to realize the mapping

(af 1+ 8] )10} ® [ 1)2[0)2 = [ 1)1]0)1 @ (af 4)2 + B] 1)2)(0), (3.17)

where from left to right, the quantum state represents the atomic and photon num-
ber excitation, in cavity 1 and 2, respectively. To precisely reverse the ion-to-
photon state mapping, the cavity resonance is not matched directly with the en-
ergy spacing between | |) and | 1), but close to the transition to the third level |r).

The interaction between | |) and | 1) is then facilitated through a Raman transi-



tion [PGCZ95, MMK™*95, LE96, MBR104], with the | 1) — |r) transition controlled
by an addressing laser. The effective cavity interaction strength with the two level

system T, | is then a function of €2, which can be varied by tuning the laser intensity.

3.2.1 Hamiltonian

The Hamiltonian H; (i = 1,2) of the A system in the cavity 7, with the |r)-to-| |}

spacing fuw,, cavity photon cnergy fuwwe, and Raman laser phasc wyt + ¢;(t) follows

H; = hweele, + hwaoto; + hg(ofe; + o7 cl) + }—EQ,(t) [e"“‘””‘%"(t)]lr)i(T |+ h.c],
i (3.18)
where ¢; is the photon field annihilation operator, and cr,f is the raising and lowering
operator of the | |); — |r); transition. The coupling strength and Rabi frequency
between the cavity photon and | |); — |r); transition, and between the laser and
| 1); = |r): arc represented by g and Q;(t), respectively.
In order to suppress spontancous Raman scattering, the laser is is assumed to be
far-detuned from the atomic transition, ie. [64] > Q12(t), g, with 04 = wp, — wa4.
In such case, the state |r) can be eliminated from Eq. 3.18, resulting in a Jaynes-

Cumuinings-like Hamiltonian in the co-rotating frame of the laser [MBR*04|

H; = —héccle;+ h:gicz el Lol [+ hdw;(t)] Di(t | —ihgi(t) [ Pate; + h.c] . (3.19)
A

where
Q2(t) gS%(t) ,
() = 22 (t) = . 2
duilt) = =57, ailt) =5 (3:20)

Equation 3.19 suggests a method of coherent mapping between an effective two level .

atom (| ]), | 1)) and photon excitation, with a tunable coupling strength g;(t).

3.2.2 Network photon and quantum Langevin equation

The network photons, as represented by the field operators ¢y pue(t) and cg4,(t) can

be modeled as loss with respect to the cavity QED system 1 and 2. We have already
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shown that a system with loss can be modeled by adding the Lindblad terms to OBE
(see Eq. 3.1.2), which modifies the dynamics of the quantum system. Here to model
the dynamics of the loss itself, it is convenient to introduce the quantum Langevin
equation, where in the Heisenberg picture, the cavity annihilation operator evolves
as [Stel3]
de; i K . |
- _E,[Ci) H;] - 56~ Ve in(t), (3.21)
Ciout(t) = Cian(t) + VEci(t).

We assume negligible loss in the quantum channel, so the input excitation ¢4, (t) =
¢1,0ut(t — 7), where 7 is the time delay for photon transmission along the quantum

channel. Equation 3.21 thus becomes, for cavity 2 in particular,

dCz

? K
—d't— = —E[CQ, HQ] — —Co — RCl(t — T) — \/R:Cl’m(t — T). (322)

2

We can simplify the above cquations by transforming opcrators in the first cavity into

the time-delayed operators, namely,

at—7) = clt), crLn(t—7) = crin(t), gt —7) = a(t), &t —71)—= o).

The quantum Langevin equations for both cavity thus reduce to

dc 1 K )

——dtl = _ﬁ[ch Hl] - §C1 - \/Ecl,-in(t)v (323)
de 7. K

Etz = —E[C‘z, Hy] — 502~ Ker(t) — Vkerin(t)- (3:24)

3.2.3 Approach to determine ¢(t) for deterministic quantum
mapping
We recall that the goal is to choose a correct waveform of gy 2(t), in order to maximize

the fidelity of quantum state mapping in Eq. 3.17. Here we outline the approach used
in Ref. [CZKM97], but choosc not to go into the detailed solution for g; 2(t). Rather,
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we discuss in brief in the next section, the experimental requirement for an ion-cavity
system to implement this scheme, which leads to our experiment described in Chapter

4.

To determine the waveform of gy 2(t), it is equivalent to solve for ¢; »(t) and a sys-
tem wave function W(t), according to the following effective Hamiltonian H. sy [CZKM97],

in the language of quantum trajectories.
Hopp = Hy + Hy — ih= (cley + ches + 2} 3.25
eff = i1y 2 —1 2 C1C1 + CyCa + 2C50 ), ( . )

which deseribe the system dynamics when no photons are detected through the output

of cavity 2. According to Eq. 3.21, the output ¢z gy, (t) follows

Co.out(t) = crin(t) + VE(c1(t) + ca(t)). (3.26)

We further impose that the system is in absence of any driving ficld. That is, together

with Eq. 3.26

cLin(®)|¥()) = 0, (3.27)
(ar(t) + c()¥(2)) = 0. (3.28)

Two additional conditions in Ref. [CZKM97] arc imposed, so that g;2(t) can be

completely determined. That is

g2(t) = qi(—t), time-reversal symmetry, (3.29)

g1(t >0) = const.. (3.30)

We here skip the solution part, and proceed to the analysis of experimental require-
ment for the scheme implementation, and the generalization of the scheme to a two-ion

casce.



3.2.4 Requirement for implementation

Scveral loss mechanisms in this scheme arc also considered in Ref. [CZKM97], which

need to be minimized in order to achieve high fidelity performance.

First, decoherence is neglected in the ion-cavity Hamiltonian (Eq. 3.18 and 3.19).
The auxiliary state |r) decays to state | |) and | 1) via spontancous rate I'j and
I'4, respectively. Because the probability of the ion in the state |r) scales as p, ~
(€3 ,/4 + 497 ,)/04, and the total decoherence rate scales as p,(I'y + I'y), it thus

requires
0, + 4975 91,280 2
— s R, 3.31
46% 264 (3:31)
When & ~ g12Q1,2/d4, the above inequality reduces to the condition for strong cou-
pling (sce Eq. 3.14)

49%2
—— > 1 3.32
h(F¢ -+ FT) ( )

A second source of decoherence is due to the control field. In particular, it consists
of the Raman and qubit laser frequency instability, cavity mechanical instability, and
magnetic field noise, which arec measured by the laser linewidth vq, vy, cavity lock
linewidth ~.q,, and B-field noise level ppBrms, respectively (up = Bohr magneton).

They should also satisfy

K9}
Yo+ VL + Yeao + 18 Brms/ Tt < K, 91)26_12 (3.33)
«UA

Finally, to maximize the dircctionality of the photon transmission, the cavity
should be designed asymmetric; to minimize the scattering and absorption photon

loss, the cavity should be in the transmission dominant limit. That is
7;,27 75,1 > 7;,611,1)7 7§,e‘rw’ £1,27 (334)

where 712 an T3, are mirror transmission of cavity 1 and 2 towards cavity 2 and
1, respectively, whereas 71 eny and Tz eny are those towards the environment thermal

bath. £, 2 denotes the scattering and absorption loss in cavity 1 and 2, respectively.
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3.3 Two ion quantum node

A typical ion trap implementation of quantum computer consists of multiple ions
interacting via Coulomb ficlds [KMWO02]. To realize a quantum network based on the
deterministic model in Ref. [CZKM97], it is desired to have a protocol to map a mul-
tiple qubit state to photon states. However, with the maximum number of excitation
n, the number of quantum states scales as 2" and n 4 1 for an n-ion and n-photon
system, respectively. A photon number state is therefore not a good quantum num-
ber for communication in the framework of deterministic multi-ion quantum nectwork.
Nonetheless, a multiple ion system can still be useful, for two reasons. First, instcad
of a single ion, an n-ion crystal can provide an enhancement of ion-cavity coupling
strength of /i, which can be used as a transducer for strong coupling between a sin-
gle ion and a single photon [LLC*11, Lei09]. Sccondly, because the the information
space for an n-ion system is larger than that of an n-photon system, the former can
be used for photon quantum storage [GZ04, DP04, GALS07, LST09]. Furthermore,
because of the individual addressability in an n-ion system, a photonic gate can be
implemented for the incoming photons. In this section, we generalize the scheme
in Sec. 3.2 to a 2-ion 2-photon case, and demonstrate an approach for converting a
photon number state to ion state for quantum memory and photonic gate. The goal

is to map an arbitrary photon number state to that of two ions, i.c.

| $1d2)(0|0) + a|1)p + a’2l2>L)|O>ph (3.35)
= (ool bada) + aulP) + az 1112) ) 10)£/0) .,

where we have indexed the photon number quantum state with subscript L, and
introduced the phonon number state |n),, and collective two-ion cxcited state IT) =
(| Lit2) + | Tid2))/V2. These two states arc essential to realize the mapping in
Eq. 3.35. For the former, because the ion-photon Hamiltonian only conncets the two
states within the same Rabi doublets (See Sce. 3.1.1), another quantum register is

needed in addition to the ion and photon states, to facilitate the mapping |2);, —
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Figure 3-5:  Schematic showing the cavity QED system with two ions, as the quantum
interconnect for a two-ion node. (a) two ions are trapped in symmetry with respect
to the cavity field spatial profile, which are indistinguishable to the field. A Raman
scheme is employved so that a tunable cavity-ion interaction can be realized as in
Sce. 3.2, The wave vector for the cavity and Raman beam is labeled ky and k¢,
respectively. The angle between ke and the ion chain axis is labeled 6. (b) with a
laser directly addressing the | 1)12 — | 1)1.2 transition, phonon excitation |n),, in the
ion’s motional state can couple to the two ion collective state via sideband transitions.
The carrier transition Rabi frequency is labeled €

| T1T2). For the latter as we will show immediately in the following, because a

cavity field addresses both ions simultancously, it is the collective excitation state

that interacts with the photons in the cavity-ion Hamiltonian,

We illustrate the procedure for Eq. 3.35 in the following in detail. In order to be

precise about the collective state, we first setup the formalism below.

3.3.1 Mapping between single photon to collective two ion

states

We consider that two ions arc indistinguishable with respect to the cavity ficld. That
is, the trapping configuration allows the cavity field experienced by the two ions to
be always cqual. One way to rcalize this configuration is shown in the schematic in

Fig.3.3-a, where the two-ion chain are trapped orthogonal to the cavity axis, with the

-
i
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midpoint overlapped with that of the ficld Gaussian profile. The same A-structure of

ion internal structure is used to enable a tunable cavity-ion interaction strength

9Qc
20,

geft = (3.36)

where we denote the Rabi frequency of the | )12 — |r)i2 transition Q¢, to be
distinguished from Qj, the Rabi frequency for directly addressed transition between
| 1) and | 1), introduced later in this section. We use the same notation as the single
ion model in Sec. 3.2, except that the index {1,2} now refers to the two ions. Because
the two ions are indistinguishable, their Rabi frequencies Q¢, Qf, and cavity coupling

strength g, gor are identical.

The interaction Hamiltonian of the cavity QED system H¢ is the sum of that of

either ion interacting with the cavity field:

Hf = Hfj+HEf (3.37)
= hger (| Trd2)(dide o+ | dado) (112 |cf)
+  Rges (I W) (Jide e+ | Lido) (it IC‘L,) .

By defining the two ion collective state | 1) and 11.), and collective coupling strength
go as
~ = 1 . o
He) =1l o) = 7 (1) + 1 1d2),  do = V20er, (3.38)

the interaction Hamiltonian H; can be reduced to

Hf = rge (o) Gole+ e) (Fele') (3.39)

3.3.2 Mapping between single ion to collective two ion states

The schematic showing coupling between the ion collective state to phonon excitation

is presented in Fig. 3.3-b, where a laser beam addressing the direct | )12 — | Tz
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transition incidents on both ions, with Rabi frequency €2, along the ion-chain axis. To
cnsure the ions are addressed indistinguishably, the laser waist is set to the midpoint

of the ion chain.

We aim to establish a mapping between the collective ion state and the collective
motional state of the ion via sideband transitions. For a single ion Lamb Dicke
parameter 7, the effective Lamb Dicke parameter for an N-ion linear crystal follows

ny = /v N [KKC*t12]. Therefore the Hamiltonian for the system can be written as

HF = HL+Hb (3.40)
- th—T% (| tado)(bada la+ | dada) (Trds |af)

+ hg%% (| W2y dade la+ ] did2y (4t laT) ’

where a represents the annihilation operator of the motional phonon.

Similar to the collective ion statc defined for HY | we can reduce Hf to
L QL e T 7 e | o
af ==t (o ela+ 1) (la') (3.41)
where the collective ion state |{,) and |},), and Rabi frequency Q;, are
- . 1 -
Ho) =1hle), 1) = 2 ([ 1t2) + 1 Td2)), Q=4 (342)

Not surprisingly, we have the two collective ion state equal:

W =We)=Ho), 1M =Ife) =T, (3.43)

which can be used to facilitate the coupling to both photon and phonon states.

3.3.3 Pulse sequence

With the same collective ion state coupled to phonon and photon statcs, we can use

it to perform the mapping between the phonon number and photon number states.
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In particular, to realize Eq. 3.35, the following pulse sequences are employed:

. m-pulse between [l)|2)L and |1)[1) 1:

Beginning with an arbitrary two-photon state and no phonon or ion excitation,
we apply a m-pulse between the photon number and the collective ion state in

the two-photon manifold, resulting in

1D (c0l0)z, + an|1)1 + a2[2)1)|0) (3.44)
= aolDI0)I0)p + a1 (BuDI1)L + Bl 10} ) 10)n — sl DL I0)pn,

where duc to the Rabi frequency difference between the (|i){2) L, 1) L) and
(|l)[l) L, [1)]0) L) manifolds, the m-pulse on the former results in the rotation
11 = B 1)L + B2/ P)|0) L in the latter, with

By = cos(V2r/2), By = —isin(v/2m/2). (3.45)

We will show in step 3 and 4 that this extra phase can be removed by applying
a 37/2 between |1)]1), and |F)|1);, followed by a phonon-to-collective-state
mappliig,.

Red sideband m-pulse between [1)]0),, and |1)[1):

To further map the photon number excitation to that of the ions, we should
now push the excitation created in step 1 to the phonon register, i.c. to apply

a red sideband on the collective ion excitation state, resulting in

a0l 110210} + a1 (BTN )10} — Bl D)0 1)) — D)LY £l (3.46)

37 /2-pulse between [1)]1),, and [1)[0):

With the ion register cmptied to that of the phonon, we can now again, map

the photon excitation to the ion. This time, a 37/2-pulse is used to create an
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anti-symmetry between $]{|1), and Ba|110) L, resulting in

| 1)10) L|0)pn + ey (ﬁllf) 0)pr — /32|l>|1)ph) 10) 1, — i D0Y L[ LYpn.  (3.47)

. Red sideband 7-pulse between |7)|1),5 and |1)]2)pn:

With a red sideband applied to the collective ion state on the (ﬁ) 11)pn, 14)12) p;,)
manifold, the two-photon excitation is now completely transferred to that of the
phonons, i.e.

— iaa|P0)L|1)ph = =l 1)10)2]2)pn, (3.48)
and terms in the bracket in Eq. 3.47 becomes

B (=B D)0 — Bab1070 ) — B (—iBebTIn — iB2lT)I0)pn)
= —i(B] - B3) INIOYpn = —ilD)]0)pn- . (3.49)

The whole expression thus becomes

aol1)10) £]0)pn + 0 [T 0D 2]0)pn — cxal 1|0} 1]2)pn- (3.50)

. m-pulse between [1)]1), and |£)]0),:

We have successfully removed the undesired phase (2, taking the advantage
that the Rabi frequency ratio between manifold (ﬁ) 1), 1) |2)ph) and (ﬁ‘) 10} ph
|1>|1)ph) is the same as between (|1)|2>L, |f>|1>L) and (|l>|1>L, mm)L). At
this stage, we have converted the two-photon excitation to that of phonons. To
convert it to pure ion excitation, while trying to avoid any additional undesired
phase, we’d like to hide the middle term in previous result from the effect of red
sideband m-pulses, by converting the excitation to photon. That is, by applying
a m-pulse between |1)]1); and [1)]0)z, we have

ol 1)10) £10)pn — daea [ I 1) L10)pr — 22l 1)10) £12)pn- (3.51)
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6. Red sideband m-pulse between [1)[2),, and [1)[1),4, and between |1)[1),, and
I%)’())‘[)h:

To completely transfer the phonon cxcitation to the ions, we perform two consec-
utive red sideband 7-pulses on the two individual ions 1 and 2, in the manifold
(|l)|2)ph, |‘~f)|1)ph) and (|l)|1)p;,,, |f‘)|0)p;,,), respectively. This requires the laser
pulse to focus on either ion individually. Experimentally, this implies additional

optical paths besides that in Fig. 3.3. The resultant wave function reads

o)1) 10) L|0)pn — icea L)1) £10)pn + 2] T112)10) £]O) - (3.52)

7. 3m/2-pulse between |])[1)7, and |£)|0)y:

Finally, we convert the middle term’s photon excitation back to that of the ion.

To remove the phase, we use a 37 /2-pulse. Similar to step 5, the final result is

(a0l ad2) + a1l D) + ol 1112)) 10)2[0)pn, (3.53)

as we aimed for in Eq. 3.35 via this protocol.

8. two-ion phase gate:

We have completely described a pulse sequence to realize a quantum memory
. for photon number states. Nonetheless, the system can be used as a photonic
gate for two-photon cxcitation. Using c.g. a Melmer-Sercnsen gate [SM99], one

can flip the sign for the last term before step 7, so the result in step 7 becomes
(ol dakz) + enlf)) = sl 1112) ) 100210 (3.54)
Reverting the gates above would then give the photon number state

O‘0|0>]_. —+ CY'1I1>L - (Y3[2>L (355)
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3.3.4 Generalization to multiple ions

The protocol we have described above can be ecasily gencralized to a system of N
ions [LLC*11, Lei09]. The advantage of an N-ion system is that first it can be used
as a quantum memory for an N-photon system. Secondly, even for a single or 2-
photon mapping, the v/N enhancement for coupling strength can be quite useful, for
the mapping can be done to a collective ion state as a transducer, then to a single

ion. The formalism gencralization for an N-ion system is described as follows.

Because the field strength on cach ion can be different, the collective ion excitation
state for ion-photon coupling is not a trivial symmetric wave function as in Eq. 3.42,

but a rather complicated wave function

~ Q
Ito) = Z "“"km ®|¢, (3.56)

k=1 ¢ I#k

where

(3.57)

The subscript k& denotes the Rabi frequency for the Raman process and coupling

strength to the cavity ficld for the k** ion

Similarly, the collective excitation state for ion phonon coupling reads

) = ZQ“lm@uz - (358)

Ik

N 2
~ / Q.
gzL = Zk:l]lv }»,LI , (3.59)

with the ion-position specific quantities indexed by k.

where

As we can sce above, |T) and |T;) are not necessarily equal. To use our protocol,
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it is necessary to establish a phase matching condition where |14) = [1,). That is

ROk L kL, (3.60)

2()96' Q I
Because both hands of the equation are normalized quantitics, we only nced to con-
sider the position dependence of gi, {2 and Q1. In the configuration depicted in

Fig. 3.3,

—p2 2 ; L (. <} 2 2 ik
Ge ~ e T Qo o~ eteostRomigm(esind) ug ) L gihLT (3.61)

where the position of cach ion is denoted as 7. For cach laser and cavity field, the wave
number is represented by ke, kp, ko, and the Gaussian waist is denoted we, wr,, wy.
To satisfy the phasc matching condition, the wave vector of the lasers arc chosen so

that

cos Okc = ky, (3.62)

and the lascr waist is chosen so that
i Sin 2 e 2 fon2 .
e~ UksinO /Wy o=ri/wh - const., (3.63)

which suggests to usc collimated laser beams, and a cavity with a large waist rel-
ative to the ion chain length. We will show an experimental design based on this
configuration in the next section, where strong coupling for a single ion can be pos-
sible. An alternative configuration is also suggested in Ref. [LLCT11, Lei09], for
which the ion chain size is not limited with respect to the cavity waist. However, a
scalable design of an integrated cavity-ion system is quite challenging for this configu-
ration. The planc where the ion chain lives is in orthogonal to the cavity axis, making
the photolithograhpic technique inaccessible for a ion-cavity integrated system (See,

c.g. Ref. [HWS*11]).

The pulse scquence for an m-photon (m < N) quantum memory is the same as

in the two ion case, except that step 1-7 needs to be duplicated to map down the
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m-photon excitation. In step 6, m particular ions need to be chosen in the N-ion

chain, which are individually addressed.

3.3.5 Requirement for implementation

The experimental requirement for implementing the above two-photon protocol in-
clude all three conditions for single ion implementation (See Eq. 3.32 through 3.34)2.
In addition, the following conditions nced to be fulfilled for the trapping of multiple

ions

4. Photon and phonon decay:

Because cavity photons experience decay process during the time the ion internal
states are interacting with the phonon, we need to make sure that the decay rate
is negligible compared to the Rabi frequency. The same principle applies to the
phonon decoherence during the cavity QED process, except that in general, the
phonon numbers increase, rather than decay. This decoherence rate is referred
as heating ratc dn/dt. Written in equations, these two conditions result in

dn

I‘L<<7}QL, dt

< 3§ (3.64)

5. Trapping of a chain of N ions:

The trap sccular frequency? for the radial (wye.,) and axial direction (Wseea)
must satisfy [WMIt98]
Wseer > 0.73N" g . (3.65)

6. Ground state cooling for a chain of N ions.

7. Ability of individual addressing for each ion (two ions at least for the two photon

excitation mapping).

2 For Eq. 3.32, an enhancement of v/N is added to the condition for strong coupling regime
3 See Sec. 2.1.1.
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8. Frequency discrimination for the motional phonon |n),, (center of mass at least).

9. Phase matching:

1—|(Erléc)] < 1 (3.66)

3.4 Two-ion experiment design with %Sr* qubit

In this section, we present a design for a two-ion experiment, in which the pulse
scquence for a two-photon quantum memory can be implemented. The schematic
follows that presented in Fig. 3.3. The level structure of S+ and the scheme for the
A configuration is presented in Sec. 3.4.1. The detailed system design and evaluation

is presented in Sec. 3.4.2.

3.4.1 %Srt Qubit and vacuum stimulated Raman transitions

A diagram for *¥Sr* qubit level structure is shown in Fig. 3.4.1-a,c. The lowest three
cnergy levels of a hydrogen-like ¥ Sr* ion arc used for qubit implementation. Between
the ground state 5Si/2,,,=—1/2 and a meta-stablic state 4052 ;572 (decoherence
time 390 ms), a qubit transition | |) — | 1) is defined. A 674 nm laser is used for this
qubit addressing. To initialize the qubit to | |), the population in the 5S40, ;=12
statc and all magnetic sublevels of 4D5/; need to be pumped through the 5P/, state
via transition 55 /2m;=1/2 — 4D5/2.m;=—3/2, and followed by a 1033 nm rcpumping
transition. The state in 5P3/» decays to the desired ground state 583/2,,,--1/2 and
other states through spontancous emission, and the latter can be repumped back
again to 51 by repeating the initialization procedurc. The qubit transition is also

used for resolved sideband cooling on the ion motional state (See Sec. 2.2).

For qubit detection, a 422 nm Doppler transition between the 5512 and 5P s
state is used. The scattered photon in this transition can be detected using a photo-

multiplier tube (PMT), if the ion is in the ground state. Otherwise it remains dark.
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Figure 3-6:  Atomic level structure for ®™Sr qubit implementation. (a) Wavelengths
and decoherence time for relevant qubit operating transitions. Qubif transition is
implemented on the 674 nmn 554 ;2 —4Ds5 2 quadruple transition. The 422 nm Sy j2— P2
dipole transition is used for Doppler cooling and qubit detection. If the ion is in the
| 1) state, it can scatter Doppler photons from an incident 422 nm laser, which can be
detected through a PMT. Otherwise the ion remains dark. The 1092 nm laser is used
to repump the population from 4Dj,5 state to ensure Doppler cooling and detection
cfficiency. The 1033 nm laser is used to pump states from | |) to | T) via the 5P5/
state for qubit initialization. The 408 nm laser is the used for the Raman scheme
cavity coupling shown in (b). (b) Raman scheme and A structure chosen for cavity
QED. Compared to Fig. 3.2 and Fig. 3.3, the 552, 4D52 and 5P, s, state arc used for
| 1), | 1) and |r), respectively. For simplicity, we use the same detuning for the cavity
and Raman transition, i.c. ¢ = d4 = 0. (¢) Magnetic sublevels for qubit transition.
Due to Zeeman splitting, the qubit transition is chosen to be the transition between
551/2.m;=—1/2 and 4Ds/24n;~5/2- The population in 551/2,m;=1/2 I8 pumped out via
the 551 /2.4m,-1/2 — 4D5/2,m;~-3/2 and 1033 nm repumping transitions.
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During the detection process, the ion population in 5P/ can decay to the 4Dy
statc, which is repumnped back using a 1092 nm laser. This Doppler cycle is not only
used for detection, but also for initial cooling of the ion motion prior to sideband

cooling, to allow for stable trapping.

The Raman scheme (c.f. Fig. 3.2 and Fig. 3.3) for ion-cavity coupling is shown in
Fig. 3.4.1, where the cavity and Raman transitions arc chosen to be 551/ ;= -1/2 —

5Ps/3.m,=—3/2 and 4D52 .= 5/2 — 5P3/2 m,=—3/2, respectively. For simplicity, we have

chosen ¢ = 64 = 9.

3.4.2 System design and evaluation

A system for single (few) ion cavity QED is difficult to implement. Of all requirements
for experiment, the strong coupling condition is the first one we need to consider. The
scaling ne ~ F /w3 in Eq. 3.16 suggests that a desired cavity system design with a

large finesse and small cavity waist.

The former requires high-reflectivity diclectric mirrors [RTKL92|, and the latter
requires a short ion-mirror distance and a small mirror radius of curvature (ROC), for
cavity mode stability [ME88|. Howcver, because dielectric materials are found charg-
ing, and hence affecting trapping potentials in the vicinity of laser fields [WHL*11], a
design with short ion-mirror distance is usually extremely challenging. Experimental
cfforts now focus on reducing the amount of mirror exposure to the ions. One method
is to use laser-machined micro-mirrors, which have been integrated to many exper-
iment involving cavity QED [HSC*10, SMD*13, BMS*13|. The ROC and effective
arca of such micro-mirrors can be as small as a ~100 pm. In this section, we present
a design where the micro-mirrors are used. In addition, the cavity axis is designed
normal to the trap planc, so the cavity mode goes through an aperture in the trap

central clectrode, which further shiclds the ion exposurce to mirrors.
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Mirror 1

Trap electrodes

Mirror 2 |

Figure 3-7:  Schematic of the cavity trap design. A planar ion trap is insecrted
between two curved cavity mirrors, which form a cavity mode through the central
aperture of the trap. The cavity is designed such that the ROC for the bottom and
top mirror follows Ry < R;, and the cavity length L satisfiecs Ry < L < Ry, + Rs.
In such case, the cavity waist, and hence the ion position is much closer to mirror 2,
which contributes predominantly to the diclectric surface charging noise. This noise
can be minimized by the shiclding effect provided by the trap aperture, which can be
made as small as close to the scale of the cavity waist (limited by the cavity clipping
loss). In place of the single ion depicted, a two-ion chain can be formed along the trap
axis, orthogonal to the cavity axis, allowing for the implementation of configuration
in Fig. 3.3.

Cavity trap design

A schematic of the ion-cavity system is presented in Fig. 3.4.2, where a planar ion trap
is inserted between two curved cavity mirrors. At the center of the central ground
clectrode is an aperture, through which a cavity mode can be formed. The cavity is
designed such that the ROC for the bottom and top mirror follows Ry < Ry, and the
cavity length L satisfies Ity < L < Ry + Rs. In such case, the cavity waist, and hence
the ion position is much closer to mirror 2, which contributes predominantly to the
diclectric surface charging noise. This noise can be minimized by the shiclding effect
provided by the trap aperture, which can be made as small as close to the scale of

the cavity waist (limited by the cavity clipping loss).
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System evaluation

The cavity-trap system shown in Fig. 3.4.2 is originally proposed in Ref. [Lci09], and
a prototype of the trap without the upper cavity mirror is realized in Ref. [HWS™*11,
Wanl2| at cryogenic temperature. In addition, more efforts in realizing the cavity-
trap system at room temperature are shown in Chapter 4 and Chapter 5. As the last
part of this chapter, we evaluate the experimental feasibility in this system for our

two-photon quantum memory protocol.

The requirements for experiment implementation are summarized in Eq. 3.32
through 3.34, and Eq. 3.64 through 3.66. We cxamine each requircment with the

planned experimental paramecters listed in Table 3.1

1. Strong coupling:

Because of the A configuration and Zeeman splitting, the cavity cooperativity
N in Eq. 3.16 for the strong coupling regime n¢ > 1 is modified by two factors,
which becomes

24]:‘ FP;;/'Z—%SUQ

12, ™ Cpa/2,mj:r——3/2“*51/2.m_,:v1,/2 =91 > 1’ (3'6‘)

25,2
i uto'u'o L Pi/?.

where the two correction terms from left to right arc the branching ratio and
Clebsch-Gordan (CG) coefficient. These two terms arise because in the deriva-
tion from Eq. 3.14 to 3.15, we have canceled the dipole moment d, from Eq. 3.1
and 3.9 in a two level system. The branching ratio corrects for the sponta-
ncous decay of state Ps5 to Si/2 and Dsja, which can be obtained using the

life times in Fig. 3.4.1. The CG cocfficient Cp, , ,

j "3/2—)31/2,rrzj:.-1/2 = 1 cor-

rects for the dipole in the driven transition Py [2,mj=—3/2 —> S1/2m;=—1/2 VS that
for P3j2m;=—3/2 decaying via all possible channels. The value of 7o = 91 is
obtained with the a cavity finesse F = 95000, and cavity waist of 5.6 pmn.
The correéponding cavity geometry and coating properties arec B; = 200 mm,

Ry = 500pm and L = 200.2 mm; 7; = 60 ppm, 72 = £, = £, = 2 ppm. The
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cavity coating is with a 2 ppm mirror coating might be challenging, since it has

only been achicved at wavelengths near IR, e.g. 854nm in Ref. [HKYO01].

We also recall the condition that the auxiliary state decay is negligible is equiv-
alent to the strong coupling in Eq. 3.32 when & ~ ¢gQ¢/d4. In the chosen
parameters, we have k = 27 x 8 kHz, and ¢Q¢/04 = jo/V2 = 27 x 12.9 kHz.

Decoherence in Control: It is feasible to achieve a sub-kHz linewidth from
cavity locking using the Pound-Drever-Hall technique [DZM*96], and even sub-
Hz linewidth from the Raman laser by locking it to an ultra-low expansion
(ULE) cavity [AMK*08]. In the used parameters, we take vy = 27 X 1 kHz,
and vq = 27 x 1 Hz. A typical magnetic ficld noise B,,,; of 1 mG can be
assumed [HAB*14], and hence pgByps/h ~ 27 x 1 kHz. Therefore, we have for

the total noisc contribution

Y2 + Year + BBrms/h = 21 x 2kHz < Kk, gQ¢c/04 = 27 x 12.9kHz.  (3.68)

Cavity loss vs. photon transmission:

With the selected coatings and cavity geometry, we can use mirror 1 as the in-
coupling mirror. Therefore, the ratio of the transmission loss at the incoupling

mirror to the overall cavity loss follows

T _
Ti+T+LCi+T2

0.91. | (3.69)

. Photon and phonon decay:

To compare the photon decay rate during the qubit sideband transition process,
we have k = 27 x 8 kHz <« 90y = 27x100 kHz. On the other hand, a typical
heating rate of 2 s™! can be achieved, satisfying dn/dt < jo = 18.2 kHz.

. Trapping of two ions:

A radial secular frequency wse., = 3 MHz and axial sccular frequency wgeca =

0.5 MHz are both feasible, and can satisfy the condition in Eq. 3.65.
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6.

-1

Ground state cooling of two ions:

Ground state cooling of two ions can be achicved using sideband cooling, in a
similar way for single ions, where by illuminating onc of the two ions with a red
sideband qubit laser, the common mode is cooled sympathetically [MECZ99,
RGR101].

. Individual addressing for each ion:

Individual addressing can be accomplished by steering the laser beams with
acousto/clectro-optic modulators [SKHR*03, YKU*06], or with MEMS-based
steering systems [CMBK14).

Frequency discrimination for center of mass mode:

The center of mass frequency is the same as the trap axial secular frequency,
according to Ref. [Jam98], which we choose to be wyeeo = 0.5MHz. For two
ions, the other common mode (breathing mode) frequency is at 3wge,.., which
is 1 MHz away from that of the center of mass mode. This is well resolvable for
the qubit transition.

Phasc matching:

2

The phasc matching fidelity FET ,\l cait be oblained from Eq. 3.56 and3.58
P 8 l NFARNeli ’ 4
as R
N (ZQ . e—z,,?/u:;f’on-:?sin? 0/'w',2_1>~
-2 = ,
= - I = 3.70
l <TL ITC> 9 23 e~ 22w, —227 sin” 6/w? ( )
“24=1€¢
The ion position 2z 2 can be obtained from Ref. [Jam98|. Because z; = —z9, the

L2
above simplifies to | (T L[TC)‘ = 1. This is precisely the casc we derived fro two

ions in Eq. 3.43, where |f5) = [T,).

From the above analysis, we observe that the two most challenging parts of the

implementation are experimental noise control and optical coating. We sce that in
condition 2, the upper bound for the experiment noise is set by k, which is itself
bounded from above duc to strong coupling, and the qubit red sideband Rabi fre-

quency 72y, in condition 1 and 4, respectively. The stabilization of cavity and laser
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linewidth, as well as the magnetic field noise is thus extremely important to the ex-
periment. Also due to the upper bound of & in condition 1 and 3 to ensure the high
fidelity of photon transfer through the desired transmission, the requirement on éavity

scattering loss could thus be challenging.

3.5 Conclusion and discussion

We have established the theoretical framework for ion-photon interaction in this chap-
ter. A quantum network node consisting of single trapped ions in high fincsse optical
cavitics is described. The dynamics of ions and photons is described using cavity
QED. We also expand the model of single ions to two-ion and multiple-ion models.
The increase of number of ions not only enhances the ion-photon coupling, but can
also be used for quantum memory for higher photon number states. We have analyzed
the requirements for the implementation of a two-ion photon memory experiment, and
have concluded that the experiment is feasible under typical experimental parame-
ters, but could be challenging due to requirements on noise control and cavity mirror

optical coatings.
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Table 3.1: Experiment paramcters for two ion photon memory experiment

Parameter Value
Cavity field wavelength, A¢ 408 nm
Cavity length, L 200.2 mm
Cavity mirror 1 radius of curvature, Ry 200 mm
Cavity mirror 2 radius of curvature, Ry 0.5 mm
Cavity waist, wpg 5.64 pm
Waist height (distance from mirror 2), ho 200 pm
Waist at mirror 1, w; 4.5 mm
Waist at mirror 2, ws 7.3 pm
Cavity mirror 1 transmission, 7; 60 ppm
Cavity mirror 2 transmission, 7, 2 ppm
Cavity mirror 1 loss, £, 2 ppm
Cavity mirror 2 loss, £, 2 ppm
Cavity decay rate, 27x8 kHz
Number of ions 2

Trap height, A 150 pm

Trap radial secular frequency, wgec

2mx3 MHz

Trap axial sccular frequency, wWiee

2rx0.5 MHz

Center of mass mode frequency, wsee.car = Wseer

27rx3 MHz

Lamb Dicke paramcter, 7)

0.1

Qubit Rabi frequency, {2,

2rx1 MHz

Qubit red sideband Rabi frequency, nQ)y

2% 100 kHz

Auxiliary state decay rate, I'p, ,

27x23.4 MHz

Branching ratio, I'p, ,+s,,,/T'p, ,

0.95

CG coefticient, Cps/z,mj:*3/2*51/2.%-:—1/2 1

Raman laser detuning, 2rx1 GHz
Raman laser Rabi frequency, Q¢ 2rx2 MHz
Collective cavity coupling strength §o 18.2 kHz
Cooperativity, ne 91

Raman laser linewidth vq 27x1 Hz
Cavity lock linewidth ., 27 x1 kHz
Magnetic field noise, By 1 mG




Chapter 4

Mirror trap and microcavity ion trap

system

In Chap. 3, we proposed that an efficient ion-photon interface can be realized using
a micro-mirror cavity design with its axis orthogonal to a planar trap. While the
cavity mode through the trap aperture interacts with the ion in the strong coupling
regime, the eclectric field noisc due to the mirror dielectric surface charging can be
minimized due to the trap electrode shielding. In this chapter, we describe a system
implemented for such ion-cavity design, which can potentially be used to realize single

ion cavity QED.

A prototype of the system was demonstrated in Ref. [HWS*11| and Chapter 9
of [Wanl2], where we fabricated the trap with aperture, and demonstrated stable
ion trapping in a bath cryogenic vacuumn system [ASA109]. A major challenge to
realize an ion-cavity experiment using the system in Ref. [ASA*09] is that a bath
cryogenic system requires a cryogen refill, and hence a temperature cycling every 24
hours. The optics alignment shifts due to thermal expansion and contraction induced
by this temperature cycling is certainly non-ideal for experiment that involves cavity

alignment.

The system presented in this chapter is implemented with a room temperature

UHV enclosure, which docs not require frequent temperature cycling. The sections
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Mirror 1

Upper cavity
mirror

Trap electrodes

Figure 4-1:  Schematic of the cavity trap design with flat bottom mirror. A planar
ion trap is fabricated directly on a high-reflectivity mirror substrate, with an aperture
left on the central ground electrode. Through the aperture, a cavity field is formed
between the mirror substrate and another curved mirror above the trap, for which the
waist is on the flat mirror surface. With a low trapping height satistving h.,, < 2q,
the Raleigh range of the cavity mode, the ion is close enough to the cavity waist
to realize strong coupling. In such case, the diclectric surface charging noise comes
predominantly from mirror 2, and can be minimized by the shiclding effect from trap
aperture, which can be made as small as close to the scale of the cavity waist (limited
by the cavity clipping loss).

arc organized as follows. Sec. 4.1 presents the system design. See. 4.2 describes the
trap fabrication process. Characterizations of the micro-mirrors are shown in Sce. 4.3,

Stable ion trapping in the system is demonstrated in See. 4.4

4.1 Design

We present the design of a cavity-trap system in this section, where *Srt and the
Raman scheme proposed in See. 3.4.1 for cavity QED is used. To realize strong

coupling for single ions, the parameters expected are listed in Table 4.1.
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4.1.1 Cavity

The design of the cavity trap system is slightly different from that in Sec. 3.4. Instcad
of choosing Ry < R, and L satisfies Ry < L < R; + Ry to bring the ion position
close to the trap surface, we choose to follow the design with R; > R; and L < R;.
To maintain a small cavity waist wg, R; is chosen to be small (~500 pm). In the
limit Re — oo, the bottom mirror reduces to a flat mirror substrate (see Fig. 4.1). In
this case, the cavity waist is at the surface of mirror 2. Provided the Rayleigh range
2o = wA%L /wy is not large, the field waist at the ion position w;,, = wo\/1 + hZ,, /22
can still be close to the cavity waist size wg to realize strong coupling, where A¢ is

the cavity wavelength and h,,, rcpresents the ion height above the trap surface.

This design has a number of advantages compared to that in Sec. 3.4. First of all,
with a flat mirror surface, one can choose to fabricate the trap clectrode directly on
the mirror surface, which can greatly reduce the fabrication complexity. The design in
Sec. 3.4 requires an aperture at the trap center, through both the trap electrode and
substrate. The former can be obtained during the lithography step, in the same way
the electrode gaps are processed (See, e.g. [Gelb]). The latter however, requires an
extra step of etching through the substrate [DLMB12]. Secondly, a typical cavity waist
size is on the order of 10 pm, which makes the alignment of the two cavity mirrors
challenging with respect to the ion position. With the trap electrode fabricated on
the mirror substrate, the bottom mirror can be considered automatically aligned with

the ion, which reduces significantly the alignment difficulty.

The drawback of this design is that the fabrication process might result in extra
absorption or scattering loss on the high-reflectivity cavity mirror. As we found in
Ref. [HWS™11], a typical increase of ~100 ppm absorption and scattering loss can
be expected. In addition, the cavity length L is limited by the ROC of mirror 1
in this configuration, which can thus result in a large k. This does not affect the
cooperativity ne, but can result in limited fidelity for processes involving multiple
photon statc mapping, such as the two photon quantum memory (see Eq. 3.64). As a

result, we do not aim to fully implement the two photon quantum memory protocol
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Figure 4-2:  Segmented trap design. A mirror trap design is shown to scale (except
ions). The segmented trap design can avoid possible contamination from oven flux,
by separating the loading cavity zone. Shuttling of the ion can be implemented by
varving the DC electrode voltages after the ion is trapped.

in this svstem, but to design it for demonstration of single ion cavity QED.

The specific parameters used can be found in Table 4.1. The anticipated loss £ 5

of the mirrors arc obtained from Ref. [HWS*11| and See. 4.3.

4.1.2 Trap

The schematic of trap design is shown in Fig. 4.1.2, with the microcavity shown with
the correct scale ratio. One challenge in such short-cavity design is to protect the
cavity optical quality from ion loading. In such process, Sr metal is heated in a
thermal oven, which produces a directional oven flux grazing across the trap surtace.
In a two-stage photo-ionization process using lasers with frequency 461 nim, and
105 nm respectively |Lab08|, ncutral Sr atoms in the trap region can be ionized to
produce Srt ions, which are thus confined in the trap potential and Doppler cooled
subsequently. However, a typical size of Sr oven flux can be comparable to the
distance between the cavity mirrors in our design. During the loading process, Sr
atoms can thus contaminate the mirror surface, resulting in a degradation of the
finesse. One approach to avoid the oven contamination is shown in Fig. 4.1.2, where
a trap is scgmented into several trapping zones, and the oven flux is confined with a
block before the trap. In particular, ions are trapped in the loading zone (where oven

contamination can be significant), and then shuttled to the cavity zone for experiment,
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by varying the DC clectrode voltages.

The trap electrode design is shown in layout in Fig. 4.1.2, and the relevant pa-
rameters are summarized in Table 4.1. We have used the design scheme according
to Ref. [Hou08|, where w,, wy and wgy, the width of the ground, RF, and DC trap

clectrode follows the ratio
wy = 1.2w,, wg= 4w,. , (4.1)

The trap height h;,, = 150 um is chosen according to Ref. [HWS*11] for optimal
field waist and laser accessibility, which results in w, =162 pm. The central aperture
is chosen as rg =100 pm to avoid clipping loss, which is feasible for fabrication. The
gap size dy = 10 pm satisfies d; < w,, and thus will not affect the analytic results
computed using Ref. [Hou08], which include the trap height h;,,, secular frequency
Wseery Wsecar trap depth @y, and DC control voltage Vi 2345 of the corresponding
clectrode (see Fig. 4.1.2). In particular, the DC control voltages are computed by
minimizing the overall potential with respect to 1/’1,275,4,5 at the ion, i.e. above the

aperture location (z = 0,y = hjop)

>V (4.2)

(3
subject to constraints Z Vo,: =0,
i

<

which can be solved using Lagrangian multipliers. The first constraint ensures the
DC field potential minimum overlaps with that of the RF ficld. The second constraint
sets the desired axial secular frequency (sce Eq. 2.11). The DC potential ¢,; follows

Vi ‘ ‘ o/2)(z — 2zq;
(;ba.,'i - “I'/_ arctan ( Wd ) — arctan (lUb +w / ) d, )
2n h'z'on hi(m\/h?(m + (/wb + u’a/2)2 + (Z - Zdﬂ‘)z

] We/2)(2 — 2y
+ arctan (s + wa/2)( i) , (4.4)
Rion \/hf(m + (wp + we/2)% + (2 — 244)?

where 24, 2u,; are the z-coordinate of the DC eclectrode ¢ for the lower and upper
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Figure 4-3:  Schematic of mirror trap design. The trap clectrode configuration is
shown on a 0.5 inch high reflectivity mirror as the substrate for fabrication. The
clectrode widths are optimized such that w, = 1.2w, and wy = 4w, according to
Ref. [Hou08|. The clectrode gap size satisfies dy < w,.

corners, and bear the values 2,7 = —5wa/2, 241 = 2u2 = —3Wa/2, Za2 = Zus =

—wq/2, 243 = Zys = Wa/2, 244 = 2y5 = Jwe/2, and 245 = Swa/2.

4.1.3 Assembly

The assembly design is shown in Fig. 4.1.3-a. The base plate holding the system
is shown mounted in a 4.5 inch vacuum chamber via groove grabbers. The mirror
trap packaged with an adapter is shown mounted at the center of the base plate.
The upper cavity mirror connected to a piezo-clectric tube (pzt) is aligned with the
mirror trap via a tripod mounted on the base plate. With Pro Engincer, we have
analyzed the resonant frequencies of the tripod-base-plate system, and found all modal
frequencies lic within the range of 15.1-39.8 kHz. The resonant frequencics of the two
modes coupled most strongly to the cavity length (shown in Fig. 4.1.3-b,c) are 23.9
and 36.4 kHz, respectively. To isolate acoustic noise from the system, Vespel SP3
(vacuum compatible plastic) spacers are used between the base plate and groove
grabbers, which can isolate vibrations below approx. 50 Hz. To protect the cavity
alignment from thermal effects, resistive heating can be used to maintain the system

temperature. The heating block for the bottom plate as well as the holes for heating
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Table 4.1: Experiment parameters for micro-cavity experiment

Parameter Value
Cavity field wavelength, Ao 408 nm
Cavity length, L 0.8 mm
Cavity mirror 1 radius of curvature, R, 1 mm
Cavity mirror 2 radius of curvature, R, 00
Cavity waist, wp 7.2 pm
Waist at ion, wiep, 7.6 um
Waist at mirror 1, w, 16 ym
Waist at mirror 2, wy 7.2 pym
Cavity mirror 1 transmission, 7T; 45 ppm
Cavity mirror 2 transmission, 7 45 ppm
Cavity mirror 1 loss, £, 150 ppm
Cavity mirror 2 loss, £ 150 ppm
Cavity decay rate, k 27x12 MHz
Number of ions 1

Trap ground electrode width, w, 162 pym
Trap RF electrode width, w, 194 pym
Trap DC electrode width, wq 648 pm
Trap RF gap size, d, 10 pm
Trap height, hi., = yo (see Eq. 2.14) 150 pm
Trap RF voltage amplitude, Vip 50V
Trap RF frequency, Qgr 27 x13 MHz
Trap depth, &, 28.6 meV
Trap Mathieu ¢ parameter, ¢ 0.21
Trap axial Mathieu a parameter, a, 0.01

Trap DC electrode voltage, Vy, Va, Vs, Vi, Vi

0.0374, 1.66, -3.40, 1.66, 0.0374 V

Trap radial secular frequency, wgeer

27x1 MHz

Trap axial secular frequency, wsecr

2mx0.65 MHz

Lamb Dicke paramecter, n 0.1

Qubit Rabi frequency, Qf, 27x1 MHz
Qubit red sideband Rabi frequency, 72y, 27x100 kHz
Auxiliary state decay rate, U'p, , 2mx23.4 MHz
Branching ratio, I'p, ,5, , /T'p, 12 0.95

CG coefficient, Cp, J2m;=—8/2—51/2m = 1/2 1

Raman laser dctuning, ¢ 2rx1 GHz
Raman laser Rabi frequency, Q¢ 27 x2 MHz
Cooperativity, nc 8.4

Raman laser linewidth vq 2rx1 Hz
Cavity lock linewidth 7.4, 2w x1 kHz
Magnectic field noise, By 1 mG
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(b) (o)

Figure 4-1:  Assembly design of the cavity trap system. (a) the assembly design. The
base plate holding the system is shown mounted in a 4.5 inch vacuum chamber via
groove grabbers, with Vespel SP3 spacers in between. The mirror trap packaged with
an adapter is shown mounted at the center of the base plate. The upper cavity mirror
conneeted to a piezo-clectric tube (pzt) is aligned with the mirror trap via a tripod
mounted on the base plate. (b) and (¢), the two normal modes of the base plate
and cavity tripod svstem, which strongly couple to the cavity length. The resonant
frequencies are 23.9 kHz and 36.4 kllz, respectively.



coils on the tripod arc both shown. Also shown is the combined laser beam for

ionization, cooling, repumping, and qubit addressing.

4.2 Trap fabrication

With a mature fabrication process developed in past experiments such as Ref. [WHL*11]
for evaporated planar ion traps at cryogenic temperature, we attempted to fabricate
traps using c-bcam cvaporation by re-optimizing the existing recipes in Ref. [Gel5].
During the development of the new recipe, we have realized that these evaporated
traps are not suitable for room temperaturc operation. When high RF voltages (300-
400 V,,) arc applied across the RF clectrodes, the rough metallic edges can result in
violent discharging events, and hence undesired noise for trapping fields. This effect
is greatly suppressed at cryogenic temperatures, but can be significant for room tem-
perature trapping. A new fabrication process is thus developed as a solution using
clectroplating. Traps fabricated using both recipes are presented in this scction for

comparison.

4.2.1 Evaporated trap

The trap fabrication process based on c-beam evaporation is shown in Fig. 4.2.1. Com-
pared with methods involving chemical etching, such as those used in Ref. [LGA*08]
and Sec. 4.2.2, this method involves fewer steps in the process, and less chemical

processing.

Fabrication process

The fabrication process is developed based the method from Chapter 9.1 of Ref. [Wan12]
and Chapter 3.3 of Ref. [Gel5|. The detailed steps arc listed below.

1. Sample preparation:
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Mirror substrate

Coat resist Expose and Evaporate Au
develop resist

Figure 4-5:  Schematic of mirror trap fabrication with e-beam evaporation. (a) a high
reflectivity mirror substrate is prepared for fabrication. (b) a layer of photoresist is
spin-coated on the mirror surface. (¢) using contact exposure followed by resist de-
velopment, the photoresist is patterned for trap clectrode configuration, where resist
remains along the trap gaps. The angle 6 is an important feature for lift-off resist,
which avoids lateral metallic coating, and thus makes the lift-off step easy, as illus-
trated in (d) and (¢). (d) with e-beam evaporation, metal clectrodes form on the
mirror surface following the resist pattern. (e) after lift-off, the resist in the trap gaps
arc removed.

(a) Mirror quality testing: the mirror loss, including the transmission 7 and
scattering/absorption loss £ is measured in a Fabry-Pérot cavity, formed
with another pre-characterized curved mirror, using standard cavity ring-
down spectroscopy (see Appendix A). After a manual cleaning procedure,
this measured loss is compared to the factory standard from Advanced
Thin Films (ATF) from Boulder, CO to scrutinize major sample defect.

The nominal values are 77 = 45 ppm and £ = 25 ppm at 422 nm. A

Y

general loss increase of approx. 100 ppm is expected after fabrication, as
characterized in Ref. [HWS™11]. The manual cleaning procedure is listed
below:

i. Put on latex gloves.

ii. Empty the drop bottles containing acetone and methanol solutions

used for cleaning mirrors. Blow dry the drop bottles with dry Ny gas.

iii. Fill the drop bottles with ultra-pure acetone and methanol (>99.9%,

¢.g. Sigma Aldrich 270725, 34860), respectively.

iv. Fold and hold a picce of optics cleaning tissue 4 times with a clean

pair of forceps.
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v. Use the drop bottle to apply 2 drops of acetone on the folded tissue
and clean the mirror surface once along one direction with moderate

force.
vi. With a new piece of optics tissue, repeat cleaning with acetone along
the orthogonal direction.

vii. Repeat the above cleaning procedure with acetone replaced by methanol.
(b) Surface cleaning:

i. Rinsing: Hold mirror substrate with tweezers with top surface facing
up and tilted by 45°. Usc a squcéze bottle to rinse the mirror surface
with ACS grade isopropanol alcohol (IPA) for 30 s.

ii. Blowing dry: Place mirror down on a clean cleanroom wipe (e.g. Al-
phaWipe cleanroom wipers, ITW Texwipe), with top surface facing
up. Blow the the surface dry with dry Ns, with flux orthogonal to the

mirror surface.
2. Lithography:

(a) substrate baking: Bake the substrate on a hot plate at 150°C for 5 min
with mirror top surface up, to remove water vapor. Place the substrate on
a cleanroom wipe and wait until it cools down for 1 min, top surface up.
(b) Resist coating:

1. Center the mirror substrate on the spin coater, and adjust the speed
to 750 rpm.

ii. Stop the spin coater. With a clean pipette, add 2 drops of NRY-
3000PY (make sure no air bubbles) on the mirror surface from the
center, and wait till the resist relaxes and covers the full surface (typ-
ically 10 s).

iii. Spin the sample at 750 rpm for 10 s, and gradually accelerate the

speed to 3000 rpm in 5 s. Keep the sample spinning at 3000 rpm for
50 s.
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(c) Pre-baking: Bake the sample at 150°C for 1 min (c.f. step 2-(a)).
(d) Exposure:
i. With a clean mask, align the sample under microscope, and make tight

contact between the sample and mask using vacuum suction (make

sure no air bubble).
ii. Expose sample for 7 min with UV intensity of 850 pW /cm?.
(e) Post-baking: 2 min at 90°C (c.f. step 2-(a)).
(f) Development: Submerge the sample in RD6 solution and rinse for 20 s.

Quickly rinse with tap DI water for 30 s, and blow dry (c.f. step 1-(b)-ii).

3. E-bcam evaporation: E-beam evaporate 10 nm of Ti followed by 500 nm Au,

at a ratc of 5 A/s.

4. Lift-off: Rinse in ASC grate Acctone for 5 min, followed by a 30 s IPA rinse
(c.f. step 1-(b)-i), and blow dry (c.f. step 1-(b)-ii).

5. Post processing: to minimize the mirror surface contamination accumulated
during the fabrication process, the sample is clecaned with Piranha solution

following the procedure below:
(a) Pour 1 volume of 30% hydrogen peroxide solution in the beaker designated
for piranha cleaning.

(b) Pour 3 volumes of sulfuric acid in the beaker, and mix with a clean stirring

rod.

(c) Mcasure the solution with a clean thermometer until the temperature sta-

bilizes to 95 deg C.

(d) Hold the sample in a clean Teflon basket, and slowly immerse the basket

in the piranha solution.

(e) After 15 min, clean the sample with running tab DI water for 1 min, while

in the basket.
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(f) Take the sample out of the basket and blow dry with dry N» (c.f. step
1-(b)-ii).

RF breakdown

We have discovered that the traps fabricated using the above methods exhibit RF
breakdowns on parts of the electrodes, with RF (typically 20 MHz) voltage of ap-
prox. 200 V,, applied under vacuum. During the breakdown process, violent dis-
charging events takes place, as shown in Fig. 4.2.1-a. These discharging events can
be a significant noise source for the trapping field, as well as the ion internal state

level mixing.

With SEM imaging (Fig. 4.2.1-c), we have found that the regions on the electrode
exhibiting RF breakdowns have a particular pattern, where clusters of metallic bub-
bles (500 nm typical width) form along the electrodes. This pattern is not observed
for regions with no breakdown points (Fig. 4.2.1-b). When high vbltage RF signals are
applied on electrodes with bubbles nearby, clectrons are emitted and accumulate on
these bubbles, which can thus cause discharging when the signal polarity is switched.
The clectron emission process from clectrodes is a thermal process, which is strongly
suppressed at cryogenic temperatures. This is confirmed from observations of similar
bubble patterns on traps tested in the experiment in Ref. [HWS*11], for which no
points of breakdown were found (Fig. 4.2.1-d).

The bubbles found in Fig. 4.2.1-¢,d were found correlated to the undercutting
feature of the lift-off photo-resist. During evaporation, metal layers are formed be-
tween the resists, but due to the undercuts, leaving a ~500 nm region not coated
(c.f. Fig. 4.2.1-c,d). Some metallic particles can still accumulate in this region due to

random walks, forming the bubbles observed. This is illustrated in Fig. 4.2.1-e.

The undercut geometry is however important for lift off processes. Otherwise
evaporated metal layers can coat continuously from lateral to top surfaces of the
photo resist, making the lift off process difficult. Figure 4.2.1-g illustrates an extreme

example of resist without undercut feature (formed by resist under-exposure). We
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Figure 4-6:  Trap RF breakdown and its correlations to bubbled metallic edges..
(a) RF breakdown observed for evaporated mirror traps with an RE signal (ap-
prox. 200 V,,, and 20 MHz) applied across the clectrodes under vacuum, as observed
with a CCD camecra. (b) SEM picture of a typical clectrode edge, which does not
exhibit breakdown. (¢) SEM picture of a typical electrode edge, which exhibited RF
breakdown. Compared with (b), we found a region (500 nm width) with clusters of
small metallic bubbles along the clectrode edge. (d) SEM picture showing he same
patterns in (¢) found on samples fabricated for experiment in Ref. [HWS* 11|, which
were tested with no breakdown characteristics. (¢) SEM picture showing the metallic
bubbles found near the photo-resist. (f) SEM picture showing the lift-off resist under-
cut and the region of observed bubbles (c.f. Fig. 4.2.1-¢,d). (g) SEM picture showing
resist coated by a metal layer from the lateral directions, making it difficult to lift
off. (h) back side illuminated microscope image, showing a typical failed sample from
lift-off with metallic coating rescmbling that in (g). Lightened lines are the clectrode
gaps.
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Figure 4-7:  Schematic of mirror trap fabrication with clectroplating. (a) a high
reflectivity mirror substrate is prepared for fabrication. (b) a layer of silver seed layer
is coated on the substrate. (c¢) photo resist is patterned on the seed layer in the
lithography step, where resist remains along the trap gaps. (d) with electroplating,
gold clectrodes form on the sced layer following the resist pattern. (e) the photoresist
is removed using solvents. (f) the silver sced layer uncovered from the resist removal
is ctched away with solution to which gold is inert to.

have attempted to sonicate the samples in Acetone during the lift-off process which
can help with removal of the metal coating, but found it an extremely unreliable
process. Figure 4.2.1-h is an example of failed samples in the lift off process, with resist
patterning resembling that in Fig. 4.2.1-g. This is a backside illuminated microscope
image, where the lightened lines are the electrode gaps. Ripped-off clectrode edges

can alrcady be observed, where there is still metal connection across the trap gaps.

4.2.2 Electroplated trap

An alternative method for trap fabrication is to use clectroplating, which is attempted
after breakdowns are observed for evaporated traps in Sce. 4.2.1. The process is

illustrated as in Fig. 4.2.2.

In general, this is not a preferred method, because compared to evaporation, the
additional step of chemical etching adds complication to the overall process. Sec-
ondly, the plating rate is highly related to the plating solution ion concentration,
which reduces as samples are fabricated, and hence makes the metal thickness hard
to control. Finally, the solution purity could also change due to uncxpected slow

reaction between the sample and solution, via non-clectrochemical process. This can
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result in amorphous alloy formation and hence rough clectrode surfaces, which implies
higher electric field noise for trapping. Nonetheless, the major difference between elec-
troplating and evaporation is that because no lift-off process is required, no undercut
resist geometry is needed. The plated metal coating grow from the seed layer, and

thus filled all gaps between the resist, which avoids the formation of bubbles.

Fabrication process

The fabrication process is developed based the method from Chapter 7 of Ref. [Cet11],

and the detailed steps are listed below.

1. Sample preparation: See step 1 from evaporated trap fabrication.

2. Sced layer coating: With e-beam evaporation, coat the sample surface with

10 nm of Ti and 200 nm of Ag as sced layer for Au, both at SA/‘/S.
3. Lithography:

(a) substrate baking: See step 2-(a) from evaporated trap fabrication.
(b) Resist coating:

i. Center the mirror substrate on the spin coater, and adjust the speed

to 1500 rpm.

ii. Stop the spin coater. With a clean pipette, add 2 drops of AZ4620
(make sure no air bubbles) on the mirror surface from the center, and

wait till the resist relaxes and covers the full surface (typically 10 s).

iii. Spin the sample at 1500 rpm for 10 s, and gradually accclerate the
speed to 3000 rpm in 5 s. Keep the sample spinning at 3500 rpm for
60 s.

(c¢) Pre-baking: Bake the sample at 93°C in oven for 35 min.
(d) Exposure:
1. Mask alignment: Scc step 2-(d)-i from evaporated trap fabrication.
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il.

Expose for 10 s with UV intensity 10 mW /cmn?, and wait for 30 s with

no exposure. Repeat this step for three times.

(e) Development: Submerge the sample in 405MIF solution and rinse for 75 s.

Quickly rinse with Tab DI water for 30 s, and blow dry (c.f. step 1-(b)-ii

from evaporated trap fabrication).

(f) Sample rehydration: Placc sample in air, and wait for at least 6 hours

before next step.

4. Electroplating:

(a) Electrode attachment:

i.

il.

Cathode: Attach sample with wire bonds to a stainless steel clectrode,
which can be firmly mounted during the electroplating process, and
connect the clectrode to a power supply negative output.

Anode: The positive output of the power supply is attached to a mesh

clectrode, made of Pt plated Ti.

(b) Plating solution preparation:

i

il.

ii.

iv.

With a beaker designated for gold electroplating, pour enough Transene
sulfite gold plating solution (TSG-250) so the entire sample can be
submerged in the solution.

Place the beaker on a hot plate compatible with magnetic stirrers, and
place a magnetic stirrer in the solution.

With a clean thermometer monitoring the solution temperature, heat
and stabilize the solution temperature at 54 °C

Submerge the mesh electrode in the solution.

Properly mount and submerge the sample in the solution with mirror
surface down, directly above the stirrer, with approx. 1 cm space in
between. Wait until the solution relaxes with no air bubbles trapp’cd
on the sample surface (typically 10 s). If air bubbles are still present,

remove and re-insert sample into solution.
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Figure 4-8:  Packaged clectroplated trap. (a) Microscope image showing a sample
of gold clectroplated mirror trap. (b) Mirror trap packaged in the mirror adapter
mount, with breakout boards shown to which the trap clectrodes are wire-bonded to.
Insct of (b) Low profile wire bonds for laser access to ion height at 150 g above trap

surface.
(¢) Plating:
i. Turn on the stirrer at speed 400 rpm.
ii. Apply a constant current of 1 mA /cm? to the setup (e.g. ~5 mA with

5 em? cathode surface area, including both sample and clectrodes) for

35 min. The expeeted plated Au thickness is 1.4 pm.

(d) Rinse: Quickly rinse with tap DI water for 30 s, and blow dry (c.f. step

1-(b)-ii from Evaporated trap fabrication)
5. Resist removal: See step 4 from evaporated trap fabrication.
6. Sced layer etching: Soak in silver etchant (NH;OH:H,O5:DI = 1:1:4) for 20 s.

7. Post processing: Sce step 5 from evaporated trap fabrication.

RF breakdown tests

The tested breakdown voltage for clectroplated samples have typical breakdown volt-

=

ages of 800V, and for the one installed, we tested up to 600V, without obscrving
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a breakdown point.

Packaging

The packaged trap is shown in Fig. 4.2.2-a, mounted in the trap adapter (c.f. Fig. 4.1.3).
In Fig. 4.2.2-b, the trap printed circuit board (PCB) is shown, to which the trap elec-
trodes are wire-bonded (Westbond 7476D). Aluminum wire bonds are used, and the

parameters used for reliable bonding are power = 300, time = 30 ms.

Because in our design, the trap surface is higher than the breakout boards, wire
bonding can be challenging due to the high bond strain on the latter. The tempera-
ture cycle over the UHV chamber baking process can thus cause the bond to break.
Extending the wire length can relax the bond strain, but at the same time result in
higher wire profiles above the trap surface, which can be undesired for laser access
(recall the ion height is 150 pm). The low profile wire bonds are shown in the insct
of Fig. 4.2.2-b. We have tested the wire bond strength at the machine setting used
through 4 temperature cycles (room temperature to 250 °C) with spare traps, and

proved the bonds to be reliable.

4.3 Laser-machined micro-mirrors

For mirrors used for high finesse optical cavities, surface polishing prior to coating pro-
cesses is crucial, as the the scattering loss scales exponentially with surface roughness

Orms, a8 .
072'7ns

where A is the wavelength used. Commercial high reflectivity mirrors rely on chemical
polishing processes, which due to the tool size, cannot produce mirrors with ROC less

than a few millimeters.

Onc approach to obtain smalllROC mirrors is to use high-power laser melt-
ing [HSC*10]. When melted by a high-power laser pulse, an approximate spheri-

cal surface on the fused silica substrate can be formed. We adopt this technique to
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fabricate the micro-mirrors used for our experiment. The fabrication process and

characterization results are shown below.

4.3.1 Fabrication
The fabrication process is listed below:

1. Substrate cleaning: Fused silica substrate from Edmund optics (Part No. 48201)
are used for fabrication. The samples are cleaned with Piranha solution (see

step 5 from evaporated trap fabrication in Sec. 4.2.1).

2. Laser machining: A CO, laser (Synrad 48-1) in square wave mode is focused
on the substrate, with a waist of 2.8 mm and power of 26 W. The laser pulse
duration is fixed at 50 us, and to control the total power and hence the mirror

curvature, the pulse frequency is varied. A total number of 5 pulses are used.

3. Post cleaning: Samples are cleaned in Piranha again before shipping to ATF

for coating (sce step 1).

4.3.2 Characterization
Radius of curvature

The ROC of a curve y(x) whose sccond derivative exists is defined as

57 3/2 .
dy\~ d*y
1 — : . 4.
+ (dl‘) ] (dmz) (1.6)

For laser machined mirrors, the cross-section profiles can be fitted with a Guassian

ROC =

profile, as

o,
} +B, ROC = “X (4.7)

(iL’ — .TO)2

22

y(x) = Aexp [~

We fit a number of mirror profiles obtained using profilometer measurements, and ob-

tain a rough calibration for mirror ROC as a function of pulse frequency in Fig. 4.3.1-b.
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Figure 4-9: Micro-mirror fabricated using laser melting. (a) microscope image of a
micro-mirror. The arrow shows the direction along which a profile measurement is
taken. Due to the camera and profiometer needle misalignment, the the cross section
is off-sct to capture the deepest profile of the sample. (b) A calibration curve is given
for ROC as a function of pulse frequency (¢) A typical priflometer measurement result
for mirror ROC characterization.

We can sce that although the ROC in general increases with the pulse frequency,
the reproducibility can be quite unreliable. Also, there can be quite large an ellipticity
for the micro-mirrors. For instance, while the the fitting in Fig. 4.3.1-c¢ results in

ROC = 898 pm, the measurement in the orthogonal direction gives ROC = 639 pm.

At this moment, we do not know the exact reason.

Loss

To obtain a good mirror coating on micro-mirrors can be challenging, since the low
ROC can causc the coating layer strain to be different from that on the flat surface,
and hence different indices of refraction. Therefore the coating design optimized for
a certain frequency at large or infinite ROC can be quite different in the case for
IICro-Mmirrors.

We characterize the mirrors coated at ATF in a Fabry-Pérot cavity formed with a

micro-mirror and a flat, well characterized commercial mirror mounted on a pzt. The



Figure 4-10: A typical transmission through the Fabry-Perot cavity formed with a
micro-mirror and a flat, well characterized commercial mirror from ATE. The cavity
length is scanned during the measurement, and the incident laser frequency is modu-
lated with an EOM. Cavity loss can be obtained by fitting the obtained transmission
curve with Eq. 4.8. Shown also, is the residual plot for this fitting.

direct Lorentzian mapping method is used (See Appendix A, with the cavity length
scanned. With the frequency modulated by an electro-optical modulator (EOM), the

cavity transmission signal follows [BlaO1]

T:A” 1

2

+ B,

2 .
13V /2
+’ Bv/

? iBV/2
1— R exp(2igy)

1 — Ry exp(2ig_)

1 — Ry exp(2igy)

(1.8)
where 3 is the modulation depth. Ry = 1 — 77 — £/2 is the single mirror loss, with
71 the nominal single mirror transmission by design, which we take as 7, = 45 ppm.

The phase factors follow

Q'l’ﬂ()
L, (4.9)
C

27
bo = T?’(t —t), ¢+=¢ot
where v is the cavity scanning speed. L is the cavity length, and €2,,,4 is the modu-
lation frequency. A typical transmission curve is shown in Fig., in which the loss is

fitted using the above cquations with free parameter v, £, A, ty, B and 3. In this

particular example, the cavity length is measured at L = 0.5 mm, and the modulation

96



f=36mm
achromat
doublet

/2wp PBC 1/2wp

dichroic | & phdicde ¢ _ 36mm
§C N}pr PBC 1/2wp_ achromat

\NE

llwp PBC 1/wp achromat
. | doublet

dichroic

405,422,461

422 notch filter
> f=200mm

CCD camera f = 50mm

Figure 4-11:  Schematic of the laser delivery and imaging optics sctup. (a) laser
delivery setup for ion trapping (See Fig. 3.4.1 for ®Sr+ level structure). (b) imaging
optics outside the chamber.

voltage and frequency used arc V' = 62.5 V, and Q,,,¢ = 17.3 MHz.

The measured loss varies significantly from sample to sample, but are typically in
the range of 100-300 ppm, compared with a nominal 50 ppm absorption/scattering
from two commercial flat or large ROC mirrors. In this particular example, the
measured loss is 264(10) ppm, where the error comes from mecasurement statistics
with typically 10 measurcments for cach mirror. We attempted to clean the mirror in
piranha solution and compare the loss measurement before and after cleaning. The
result show no improvements, but does not lead to a conclusive indication on the loss
mechanisms, which can be from cither rougher surface or transmission variation from

the design.

4.4 System and trapping demonstration

In this section, we present two preliminary results for the experiment. Mirror scatter-
ing loss before and after oven loading is characterized in both the loading and cavity

region, as a verification of the trap design against oven flux contamination. Stable
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Figure 4-12: Scattering loss increase characterization over oven loading. (a) scattered
photons from photo-ionization laser (461 nm) intersecting oven flux. To characterize
the scattering loss increase due to oven flux contamination, a high reflectivity mirror
is installed in place of the trap shown. Scattering loss before and after oven loading is
measured at several spots along the trap axis. (b) mirror scattering loss comparison
between cavity and loading zone, before and after running oven flux.

As a first demonstration of the electroplated trap, we install the trap in the vacuum
chamber without the upper mirror, and perform a trapping experiment. A schematic
of the laser delivery and imaging system sctup is shown in Fig. 4.4-a. All lasers
are delivered to the experiment using optical fibers, including the ionization (461,
405 nm), cooling (422 nm), repumping (1092, 1033 nm) and qubit addressing (674 nm)
beams. The frequency control opto-clectronics are set up before fiber delivery, which
are not shown. The blue (405, 461, 422 nm) and IR lasers (1033, 1092 nm) arc pre-
combined, respectively before fiber delivery. The setups for combining the blue and
IR lasers are not shown. Using polarization-dependent beam-splitting cubes (PBC),
fractions of the delivered laser power is sent to photo-diodes for intensity monitoring,

with the ratio adjusted by the half wavelength wave plates. The polarization relative
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Figure 4-13: Doppler scattering spectrum of a stably trapped ion. The pzt voltage
on the filtering cavity of the 844 nm laser (z-axis) is used to control the frequency
detuning of the Doppler laser. The scattering intensity is measured by the PMT
photon counts shown on the y-axis. A CCD camera image of the trapped ion is
shown in the insct.

to the ion quantization axis (defined by the magnetic field) is adjusted by another
half-wavelength wave plate after the PBC. All ionization, cooling, repumping and
qubit addressing beams are combined using dichroic mirrors. The combined beams
are aligned with the ion position with a motor controlled 2D stage (Sce Fig. 4.1.3-a
for beam position relative to trap in chamber). Because the tripod and upper mirrors
are not installed for this part of the experiment, we can image the ion from the top

window of the vacuum chamber, and the schematic is shown in Fig. 4.4-b.

Prior to trapping, we have installed a high-reflectivity mirror (same batch from
which the mirror substrate is used) in place of the mirror trap (sce Fig. 4.4-a). This
mirror is characterized before installation along the trap axis direction for scattering
loss in a Fabry-Pérot cavity using ring-down spectroscopy. After installation, the
thermal oven with Sr metal is run at high current (7 A, compared to 3 A for typical
loading sctting) for approx. 4 hours, after which the scattering loss is characterized
again, at the same points as prior to installation. As shown in Fig. 4.4-b while an
increase of ~60 ppm of loss is observed near the loading region, no significant loss

increase is found at the cavity region.

We have also successfully demonstrated stable trapping in this system. With
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Doppler cooling (422 nm and 1092 nm for repumping), we have observed an ion life
time for over 12 hours. In Fig. 4.4, a typical single-ion Doppler scattering spectrum
is shown. Shown on the z-axis, the frequency detuning is represented by the PZT
voltage on the filtering cavity of the 844 nm laser [Lab08], which is then frequency-
doubled to the 422 nm Doppler cooling laser via sccond harmonic generation. In
such lasers, the filtering cavity provides optical feed back to the laser diode, and
hence controls the laser frequency. The PMT counts, representing the scattered light
intensity is plotted on the y-axis. In the inset of the figure, is the image of the single
ion captured by the CCD camera. The curve shows only the red-detuned part of the
Doppler scattering profile, as the the blue detuned Doppler laser can cause the ion to

heat up and escapc from the trap.

4.5 Conclusions and discussion

In this chapter, we have presented a novel design of an integrated cavity trap system,
in which demonstration of single ion cavity QED can be feasible. The system uses
a short stable cavity, with low ROC cavity mirrors obtained from laser machined
micro-mirrors. The ion-cavity-mode alignment complexity is gicatly reduced if the

trap clectrodes are directly fabricated on a flat, high reflectivity mirror, with a central

aperture through which a cavity mode forms.

To avoid alignment shifts due to thermal cycling, a room temperature vacuum
enclosure is designed for the cavity ion system. In addition, the trap fabrication
techniques optimized for cryogenic systems, using c-bcam cvaporation is found in-
compatible with the room tempecrature setup. Discharging cvents arc found when
high voltage RF signals are applied across trap clectrodes, implying low breakdown
voltages. We discovered that the breakdown events are highly corrclated with the
directionality of the metal deposition during the evaporation process. New fabrica-
tion processes arc thus developed using clectroplating, which exhibit high breakdown

voltagoes.
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To avoid oven flux contamination to the cavity mirrors, a scgmented trap design
is adopted, which allows the ion to be trapped in the flux region, and shuttled to the

flux-free cavity region for experiment.

Furthermore, we have fabricated the low ROC mirrors using laser machining,
and characterized both the geometric and loss profile. Unfortunately, although the
additional loss of some mirrors can still result in high finesse cavity for strong coupling
cxperiment, the low geometric profile reproducibility and large loss variation is found
for the mirror laser machining process. Nonetheless, mirrors desired for experiments

can still be found via post-sclection.

As a demonstration of the system design, we have characterized the optical quality
of the trap aperture region vs the flux region for loading, before and after running
the oven. The result shows a strong signature of scattering loss increase duc to the
oven flux. Stable trapping of a single ion is also shown, as a demonstration of trap

fabrication reliability.
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Chapter 5

Cavity finesse degradation and

recovery in HV systems

High finesse cavities have been an integral part of experimental AMO physics. Their
narrow linewidth provides stable frequency references for photon sources [KHG112],
and the intra-cavity field enhancement is essential for strong coupling between pho-
tons and quantum systems [CBK*13, SLM*12]. For instance in Chapter 4, we have
discussed the key role of maintaining the high mirror reflectivity during the fabrication
processes for mirror-integrated traps, in order to achieve strong ion-photon coupling
in a high finesse cavity. To achicve the reflectivities needed for high finesse cavity ap-
plications, the mirrors used are predominantly fabricated as dielectric stack structures
of tantalum (V) oxide (Ta20s) and silicon (II) oxide (SiO3) [Sit83, RTKL92|, where
the vacuum-facing layer is typically Ta;Os which has a higher index of refraction.
However, it has been observed that for this type of mirror, absorption losses increase
dramatically over time under vacuum [Cet11l, CBK*13, SLM*12], causing the fincsse
of these cavities to decay to unacceptable levels. When the temperature is raised to
conditions necessary for mirror annealing under vacuum [BMS*13], it was observed at
infrared wavelengths that this loss increase is accompanied by a oxygen concentration
reduction on the TayOs5 surface layer of the mirror. This observed oxygen depletion

then suggests a degradation model based on material transformation in the surface

103



layer.

In this scetion, we present a systematic study on the degradation of high finesse
cavitics in high vacuum systems. We hypothesize that the vacuum induced optical
loss increase is due to oxygen vacancy formation on the mirror surface, and thus can
be reversed by re-oxidation. In Scetion 5.1, we describe a model for the time depen-
dence of mirror optical loss. In Section 5.2, we outline the experiment design, where
the dependence of loss increase rate on temperature, wavelength, and surface layer
configuration are investigated. The results are shown in Section 5.3. In Section 5.4,
we investigate methods to prevent Ta,Os surface degradation by passivating it with

Si0,. The chapter is concluded with a summary in Section 5.5

5.1 Model

Although optical loss increase in high finesse cavities has been observed in several
experiments [Cet1l, CBK*13, SLM*12], it is not until recently that the corrclation
between the loss increase and oxygen depletion on the mirror surface was investi-
gated! [BMS*13], At the surface, the oxygen bound as an oxide can form free radicals,
or water via a redox reaction mediated by hydrogen ions, and is then quickly diffused
out in vacuum making the reverse process highly improbable. During the oxygen
depletion processes, oxygen vacancies form, creating color centers in the surface layer
diclectric, which arc optically absorptive [DSG85]. To model the time dependence of
cavity optical loss, we consider a typical high reflectivity mirror, composed of alter-
nating TayO5 and SiO, diclectrics, and a TayOs surface layer. We denote the unitless
surface color center density 6 = 6(t), as the mole ratio between color centers and free
oxygen radicals. Because the absorptive mechanism is incoherent, the total optical

loss induced the color centers should be proportional in 6, resulting in

L= L(0)+ ALS, (5.1)

! Although the temperature range studied in Ref. [BMS*13| is higher than those used in most
applications, optical losses resulting from oxygen depletion in TaxOs have been reported to be far
more severe at shorter wavelengths [DSG85|, for which our experiment is designed (See Section 3.4).
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where the proportionality constant AL has the same unit as £. We use a first order
model for the redox reaction, such that the formation rate of the oxygen vacancies,

hence the color is proportional to the amount of surface oxygen radicals. That is
dé/dt = (1 — 0)/7un, (5.2)

where the thermal activation time constant 1, = 73, (T) is a function of the mirror

surface temperature T. The solution of Equation 5.2 has the form
O(t) oc 1 — e /e, (5.3)
which suggests the optical loss to increase in time as
L= L(0)+ AL (1—e™tm), (5.4)

with new constants absorbed in AL.

According to Arrhenius cquation, at different temperatures, the thermally acti-

vated reaction rate is expected to follow
1/7p = exp(—E,/ksT), (5.5)

where the constant E, is called the activation energy, and kg is the Boltzmann con-
stant. For different materials, the activation energies E, can be drastically different,
resulting in different redox or re-oxidation rate during the oxygen reduction o recovery
processes, respectively. Therefore, the behavior of vacuum induced loss increase can
be specific to certain surface-layer coatings at temperatures of intercst. Furthermore,
in presence of external EM ficlds, the change in Gibbs free energy difference AG of the
chemical reaction, and hence E, required for thermal activation may be reduced. This
may result in a photo-catalyzed behavior in the oxygen depletion and/or re-oxidation

process.
For completeness, suboxides of Ta, and hence oxygen vacancics can also form in
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redox reactions transforming suboxides of Si to SiOy [MSW'99], which is expected to
happen between the internal layers of the mirror stack. This mechanism is highly dis-
tinct from our hypothesis in terms of the process reversibility. For the surface oxygen
depletion model, a reverse process of the optical loss increase is expected when a large
oxygen partial pressure is present, reoxidizing the Ta suboxides at the mirror surface.
On the other hand, suboxides formed between the internal layers cannot be reoxidized
because the penetration depth of oxygen is on the order of several Angstrom|[Khal3].
Whercas for a typical mirror coating, cach dielectric layer is expected to be several
nanometers thick. Another model to account for the optical loss increase is based
on spurious impurity deposition on the mirror surface, accelerated by higher tem-
peratures, and reversed by the binding of impuritics to ambient oxygen during the
recovery process. Unlike our oxygen depletion hypothesis, this mechanism predicts
no variation of the loss increase rate for different surface dielectric thickness. In the
following sections, we show how our experiment is designed to test our hypothesis,

and how other possible mechanisms are ruled out in our results.

5.2 Experiment

- In this section, we describe our experiment design. The goal is to study how the
cavity optical loss increase depends on temperature, wavelength and surface layer
configuration. We aim to support the oxygen depletion model described in Sec. 5.1,
and to find methods to reliably reverse the optical loss incurred in vacuum in-situ,
which is cssential in many atomic physics experiment applications involving strong

coupling [CBK*13, SLM*12].

5.2.1 Experiment setups

Four different mirror coatings arc tested in three separate sctups. Table 5.2.1 sum-

marizes the experiment setups and main results.
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Figure 5-1: (a) Schematic of the experimental setup for chamber I. A pair of mirrors
forming a high finesse cavity with either TasOjs (coating I-1) or SiO, (coating I-2)
as their surface layer, are placed in high vacuum. Light from a single mode laser
at 370 nm is used to probe the cavitics as the laser frequency is slowly scanned
lincarly by a function gencrator. The transmitted light from the cavity is incident
on an avalanche photodiode (APD). The laser frequency is also modulated by a fast
squarc-wave signal, which results in an intensity free-decay of the cavity’s transmitted
light cach time the slow scan brings the laser to resonance with the cavity (time —
0 us). (b) Schematic of the experimental setup for chamber II1. Two pairs of mirrors
forming high finesse cavities with SiO, (coating I1I-2) and Ta,Oj (coating III-1) as
their surface layer, respectively, are placed in high vacuum. Light from a single mode
laser at 422 nm is used to probe the cavities as they are scanned by piezo-clectric
transducers (PZT). The transmitted light from each cavity is incident on an avalanche
photodiode (APD). When the cavity becomes resonant with the laser, and the signal
intensity reaches a defined threshold in a comparator, the laser light is switched to
be off-resonant with an accousto-optic modulator (AOM) (time = 0 us), resulting
in an intensity free-decay of the cavity’s transmitted light. (c) A typical intensity
free-decay curve measured for 370 nm (coating I-1), fitted with an exponential model
with a time constant of 7. = 411 ns.
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Wavelength 370 nm 422 nm
Coating I-1 [-2 I-1 I-1 {11-2
TOp Layer Td.gOs SlOg ngOg, r,[‘a205 8102
Top Layer Thickness (nm) 28.3 1 28.3 48.6 110
Transmission 7 (ppm) 180 180 180 40 45
Chamber I 11 I
Pressure (Pa) 7% 107° 1073 7x 1077
Cavity Length £ (cm) 5 5 2.2 4.1 22
Temperature (°C) 21,50,75,100,150 100 33 57 57
Mirror Loss Increase Yes Yes (slow) (es Yes No
Fig. Reference 5.2.2,5.3.1, 5.3.1 5.4 522,531 53254 54

Table 5.1: Summary of experimental parameters and results.

Mirror coatings

Four sets of mirror coatings arc tested in the experiment, which we denote I-1, I-2, I11-
1 and III-2. The index I and III denote the test chambers used, which are described
later in this section. All four coatings are Si05:TasOs diclectric stack structures
(deposited by Advanced Thin Films (ATF) in Boulder, CO), with factory nominal
scattering loss of 25 ppm per mirror duc to surface roughness imperfection. coating
I-1 (ATF coating run V4-764) has a TasOjy surface layer, and its reflectance spectrum
is centered at around 370 nm with a transmittance of 180 ppm. To evaluate whether
the rapid loss increase is specific to mirrors with TasO5 surface layers, a thin layer of
5105 (1 nin) is sputtered on two mirrors with coating I-1, which we index as coating
I-2. The sputtering process was completed at MIT EML, with the Orion 5 confocal
sputtering system from AJA International Inc.. The rclevant setting is summarized in
Table 5.2.1. Although not rc-calibrated after deposition, we expect the transmittance
to be unchanged due to the addition of the SiO; layer. To investigate the sensitivity of
loss increcase rate to wavelength variations, coating III-1 (ATF coating run V4-1248)
and III-2 (ATF coating run V2-1260) are tested, which have the reflectance spectrum
centered at around 422 nm, with transmittance of 40 ppm and 45 ppm, respectively.
The surface layers of III-1 and III-2 are TasO5 and SiOs, respectively. Unlike 1-2,
the SiO, surface layer for III-2 is thicker (10 nm), and was coated during the same

fabrication process at ATF, which underwent an annealing process for crystallization.
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Comparing the behavior of I-2 and III-2, we should gain insights into how sensitive
the reduced/prevented oxygen depletion is to the thickness of the added SiO; phase

and thickness.

Parameter Setting
Chamber pressure 10~ torr
Growth rate 0.38 nm/min
Argon flow 3 mtorr
Substrate temperature 125 C

Table 5.2: Summary of experiment settings for sputtering process.

HYV systems and cavity configuration

Three separate experiment setups were used to test the different mirror coatings. In
each chamber, high finesse Fabry-Perot cavities formed by the mirrors were installed
and tested, at a specific temperature setting. The chambers labeled I, 11, and III are

described below:

e I: dedicated for cavity loss measurement for coatings I-1 and I-2 at 370 nm at
different temperature settings (See Fig. 5.2-a). The pressure is maintained at
7 x 1078 Pa with a Turbo pump, and the temperature is varied by heating the

chamber and monitored using an external probe.

e II: atomic physics chamber with a cavity formed with mirrors of coating I-
1 [Cetll]. The pressurc is maintained at 107® Pa, and the temperature is
actively stabilized at to 33 °C by measuring the temperature close to the mirror
mount. Mirror loss increase was first observed in this chamber, which inspired
this systematic investigation performed in Chamber I and III. One time depen-

dence trace of mirror at 33 °C is obtained in this setup.

e III: dedicated to test coating III-1 and III-3 simultaneously at 422 nm. Two

cavities can be installed in this chamber with separated optical paths, which
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enables comparison of two coatings under the same vacuum setting (Sce Fig. 5.2-
b). The chamber is heated and actively stabilized to 57 °C by measuring the
temperature close to the mirror mount, and the pressure is maintained at ap-

proximately 7 x 107° Pa with a turbo-molecular pump.

For cach test of mirror coating in all chambers, the mirrors are cleaned following
the standard cleaning procedure outlined in Sec. 4.2.12. After the cavity is installed
at room temperature, the chamber is heated up to a specified temperature, and let
therma.lize thoroughly before the time dependence of mirror loss Ihcasurements begin.
This way, systematic errors due to thermal cavity alignment change and non-uniform

mirror surface scattering loss can be minimized during the experiment.

To investigate the reversal of oxygen depletion process, Chamber I and 111 both

incorporate a needle leak valve to let in oxygen flux.

Lasers

Two ECDL lasers at 422 nm and 370 nm are used in the experiment to probe the
cavitics, which are used for St and Yb* ion Doppler transitions (See Chapter 4, and

Appendix B in Ref. [Cet11] for reference, respectively).

5.2.2 Method of finesse decay measurement

In all our experiments, we characterize the scattering loss £ of the mirror coatings
using the cavity free decay spectroscopy. A detailed discussion of this approach is
presented in Appendix A. In a stable cavity configuration, the transmission signal
I(t) through the cavity follows an exponential decay in time, after the incident laser
is switched off:

I(t) = Ie ™, (5.6)

2 The two mirrors with ITI-2 coating were treated differently. Because they were used in a separate
experiment before, showing a noticeable finesse drop, we suspected that the mirror surfaces were
contaminated, due to possible degassing out of the ion pump during baking, These mirror surfaces
were found not cleanable with methods from Sec. 4.2.1, and were thus cleaned in Piranha solution
(See Sec. 4.2.1 for procedure), which fully recovered original optical quality according to the factory
specs
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where Ij is the ficld intensity measured at the incidence of switching, and the time

constant 7. is related to the cavity scattering loss via

2L
Te = £.7-' /e

a’ T ATt Lt Ly (57)

In our experiments, since two mirrors with identical coatings are used to form the

testing cavities, we obtain the average single mirror scattering loss from Eq. 5.7 as

52[,1-'}-[,2:[4 -

= T (5.8)

2 CT,

where T = (71 + 72)/2, which we take as the ATF nominal single mirror transmission
coeflicient in the calculations. Although this is an approximation which assumes
uniformity of manufacturing, this assumption does not affect the time-dependence

and temperature-dependence of the measured loss increase which we probe.

The transmission intensity is measured with avalanche photodiodes (Thorlabs
APD120A2) whose bandwidths of ~50 MHz are sufficient to capture signals changing
much faster than 7.. The input light switching is donc in two different ways for cavitics
in chambers I and II, and chamber III. For cavities in chambers I (see Fig. 5.2a) and 11,
the frequency of the ECDL is scanned across the modes of the cavity. Simultancously,
a squarc-wave current modulation is applied to the laser diode causing it to switch
frequency at a rate larger than the scan rate but less than the cavity linewidth,
and by an amount much larger than the linewidth of the cavity. When the laser is
scanned over the cavity resonance, the rise in intracavity intensity is interrupted by
the laser’s frequency switching, resulting in a free-decay curve. This can be detected
by triggering an oscilloscope on the down slope of the cavity’s transmission intensity
signal. For chamber III (sec Fig. 5.2b), the cavity length and hence the cavity resonant
frequency is scanned with a piezo electric transducer (PZT) mounted at the back
of a cavity mirror. Laser light input into the cavity is shut off with an accousto-
optic modulator after-one cavity mode is on resonance with the frequency of the

incident laser light; this occurs when the transmitted light intensity is detected to
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Figure 5-2: (Coating I-1) Loss increcase over time at various temperatures, as separate
pancls on a lincar scale (a) and combined on a log-log scale (b): 21°C, 50°C, 75°C,
100°C, 150°C (chamber I); and 33°C (chamber II) The observation time range is
different for cach temperature data sct, ranging from a few days (100°C) to a few
years (33°C). Each data sct is fitted with an exponential model shown as a solid line
(a, b), weighted by the inverse variances of the data points. The exponential time
scale is very sensitive to temperature. Error bars arc statistical and correspond to
one standard deviation (smaller than the size of the data symbol when not shown).



rcach a predefined threshold. Because spurrious triggering events can occur, only
decay curves which have their maximum intensity value coincide with an edge from
the pulse drive are post-sclected, and fitted with an exponential model with a decay

time 7.. An example of the free-decay curves is shown in Fig. 5.2b.

5.3 Results

5.3.1 Loss increase

In this section, we present our results on the time-dependence of the vacuum-induced
losses, and we also investigate the rate of the increase in losses as a function of

temperature and light wavelength.

20 T —

In(rth / hour)

0 40 80 120 160
Temperature T (°C)

Figure 5-3: (Coating I-1) Logarithm of loss increase time scale, from an exponential
fit (Fig. 5.2.2), against temperature. We fit In(7,) with a model of the form a/(273+
T) + b to all data points (red solid line); the fitted values are a = 7000(1500)K and
b = —13(4). We also fit In(ry,) with a lincar model (black dashed line) and obtain a
negative slope of 1/e per 19(5)°C. The fits are weighted by the inverse variances of
the data points. Brackets and crror bars indicate a 68% confidence interval on the

fitted values.
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Temperature dependence

Fig. 5.2.2a shows the mirror losses as d function of time for different temperatures.
Each data point is obtained by fitting the the free decay curve of the cavity transmis-
sion signal®. (Sce Sec. 5.2.2) The temperature of the chamber is varied from 21°C to
150°C in chamber I, and kept at 33°C for chamber II. In all experiments, we observe
an increase in loss over time. The loss initially increascs linearly in time, and for data
scts taken over sufficiently long times we obsérve that the loss saturates. We find
that the typical time scale for the loss to increase, and to reach saturation, sharply
decreases with temperature. At 21°C, the loss increases by only 20% after 12 wecks,
while at 150°C, the loss saturates at about twice its initial value after just 3 days.
The data is fitted using Eq. 5.4, from which the time scale of the loss increase 7y, is

obtaincd.

Fig 5.3.1b shows the logarithm of this time scale, In(7,,), against temperature T,
and a fit to a model inversely proportional to T'. This rclationship is highly suggestive
of an Arrhenius-type thermal activation predicted in Eq. 5.5. We find the activation
energy U/kp = 7000(1500)K (68% confidence interval). We also show a second fit,
linear in T, with a fitted slope of e higher degradation rate for every 19(5)°C increase

in mirror temperature.

We note that the loss saturation level £(0) + AL also appears to depend inversely
on temperature. The data sets for which a saturation is observed (sce Fig. 5.2.2: 33°C,
50°C, and 150°C in ) suggest that higher temperaturcs lead to lower loss saturation
levels. This may be a result of a temperaturc-induced shift in the light absorption

gspectrum of the color centers responsible for the loss increasc.

Wavelength dependence

In Fig. 5.3.1, we investigate the loss increase on mirrors using coating I11-1 with light

at 422 nm (chamber IIT). The measured time scale of the loss increase at 57°C is much

3 The last four loss values measured for coating I-1 at 33°C are obtained by measuring the cavity
FW HM via direct spectrum scanning (See Appendix A). The FWHM > 1 MHz is measured using
a frequency-doubled titanium-sapphire laser whose linewidth is less than 100 kHz.
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shorter than that using 370 nm light on coating I-1 at comparable temperatures. This

indicates a dependence of the loss on wavelength as well as temperature.
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Figure 5-4:  Optical loss increase observed in chamber III for an optical cavity
composed of mirrors with coating III-1 (422 nm, Ta;Os5 surface layer) at 57°C. With
the current data, we do not have a good cxplanation for the initial slow loss increase,
which is observed only in this data set. It could be attributed to the thermal relaxation
time of the mirror, whose temperature was monitored on the mirror mount, which
is connected to the mirror via a cecramic piezo tube. Error bars are statistical and
correspond to one standard deviation.

5.3.2 Recovery with Oxygen

In this section, we demonstrate that the presence of oxygen gas at the mirror surface

can reverse the losses measured in Chamber I in the previous section.

Reversal of the vacuum-induced loss is achieved by leaking high purity oxygen
(Airgas Ultrahigh Purity Grade 4.4) into the Chamber I and III via the needle valve,
and monitoring loss for various partial pressures of oxygen and temperatures. In all
cases tested, we observe partial or full recovery from the vacuum-induced loss. This
is further evidence that oxygen concentration at the mirror surface is a determining

component of the degradation process.

After taking the data sct at 21°C from Fig. 5.2.2, we leaked oxygen into the

* chamber. At the partial pressure of oxygen of 1072 Pa we observed a slight recoﬁrery
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Figure 5-5: (Coating I-1) (a) Recovery with oxygen at 21°C, following the data set at
21°C (Fig. 5.2.2). Oxygen at a partial pressurc of 1072 Pa gives a barely statistically
significant recovery (blue squares), while the atmospheric pressure of oxygen (red
diamonds) gives full recovery to initial loss level (dashed line). (b) Recovery with
atmospheric pressure of oxygen at 21°C (blue squares) and 150°C (red diamonds),
following a loss increase at a much higher temperature of 150°C (data not shown).
The recovery is slower and does not reach the initial loss level (dashed line). Error
bars are statistical and correspond to one standard deviation.

from the vacuum-induced loss (Fig. 5.3.1a). Upon filling the chamber with oxygen at
the atmospheric pressure, the loss fully recovers its value measured before vacuum.
This recovery took approximately 10 hours, as shown in Fig. 5.3.1a. Following a
separate experimental run, for which the data was taken at a much higher temperature
of approximately 150°C, we observe only a partial recovery under atmosphere pressure
of oxygen at 21°C, as shown in Fig. 5.3.1b. This recovery took a much longer time
(several days), compared to the recovery shown in Fig. 5.3.1a following the data set at
21°C. Increasing the chamber temperature to 150°C yields a further, but still partial,
recovery. It is unclear from this data set whether the high temperature loss increase
is activated by additional processes, such as surface contaminants, which prevent the
full recovery with ambient oxygen gas, or whether the deeper oxygen depletion at
high temperatures (such as in Fig. 5.2.2, 150°C) creates an additional energy barrier
to oxygen re-entering the top layer of the coating (i.e. the oxygen binding process

could be hysteretic).
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Figure 5-6: (Coating III-1) Laser-assisted loss recovery processes observed in

chamber III. (a) loss recovery process examined during both illuminated and non-
illuminated periods. (b) recovery rate obtained by fitting data in (a) using a linecar
model, and compared for both the illuminated and non-illuminated periods. (¢) op-
tical loss fully reversed in a continuous illumination process. We fit an exponential
model and find the time constant to be 56.5 hrs. Error bars are statistical and corre-
spond to one standard deviation.

5.3.3 Photocatalyzed recovery process

In this section, we show that continuous illumination of the mirrors with near-UV

light can dramatically accelerate the recovery rate under oxygen.

The reversal of va.culum~induced losses by the presence of oxygen in Sec. 5.3.2
suggests that a re-oxidation process of the mirror surface oxide might be involved.
Studies of the dielectric thin film growth process indicate that the oxidation rate can
be significantly affected by the presence of UV light illumination [ZBDB98, BZ01],
especially for TaqOs, for which improvement of the optical propertics was found during
a UV anncaling stage. It was obscrved that under 172 nm radiation, oxygen can be

casily dissociated to form stronger oxidizers, such as ozone or single O atoms, which
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can further oxidize defects, e.g. suboxides of Ta, to increase the material transparency.
In light of this, we examined in our sctup whether recovery from vacuum-induced
losses can be affected by illuminating the cavity with the resonant probe laser at

422 nm (the near UV range).

In chamber III, after the mirror loss measured for coating III-1 incrcased to
320 ppm, we investigated the loss reversal process in oxygen at atmospheric pres-
surc for two controlled processes: 1) an illuminated process, where the cavity was
continuously illuminated by the probe laser at 422 nm with about 10 kW /cm? of
intra-cavity intcnsity; and 2) a non-illuminated process, where the same cavity was
probed only twice for measurement, with a time window in between without illumi-
nation. We alternated the two processes four times, and found the two corresponding
loss reversal rates to be significantly different. A 4-5 ppm/hr recovery rate during the
illuminated periods was observed, whereas the rate during the non-illuminated peri-
ods was found to be negligible (See Fig. 5.3.2b). After the comparison, we continued
the loss reversal process under illumination, and achicved a full recovery of the initial

cavity loss level (Sce Fig. 5.3.2¢).

The negligible rate of recovery observed here in the absence of laser light is con-
sistent with the slow rate of rccovery observed following the 150°C loss increase at
370 nm (Fig. 5.3.1b). In both cascs, the more than two-fold increasc in the loss
factor when under vacuum could be accompanied by a higher activation energy to
re-oxidation. As suggested by Eq. 5.5, this is a possible explanation for why UV light
at 422 nm dramatically enhanced the rate of rccbvcry, while a higher temperature

enhanced the recovery level at 370 nin.

5.4 Surface Material Dependence and Passivation with
SiO,

In this scction, we show that the loss increase is specific to a Ta, Oy surface layer, and

that passivation with SiO, can strongly reduce the loss increase observed in See. 5.3.1.
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Figure 5-7: Loss vs time for different mirror top layer coating: (a) Loss increase at
57°C measured at 422 nm for top layers: TasOs, coating I11-1 (red circles, data also
shown in Fig. 5.3.1), and for 110 nm SiO», coating I1I-2 (blue diamonds). The dashed
line is a linear fit with a slope of —0.005(2) ppm/h. (b) Loss at 100°C mcasured at
370 nm for top layers: TasOs, coating I-1 (red circles), and for 1 nm SiOs, coating
I-2 (blue diamonds). The dashed line is a linear fit with a slope of 0.23(3) ppm/h.
Error bars are statistical and correspond to one standard deviation.

Figure 5.4a shows that the mirror coating degradation processes obtained from
chamber III for coatings III-1 (top layer: TasOs) and III-2 (top layer: SiOs 110 nm)
are strongly dependent on surface layer materials. At the same pressure and temper-
ature, coating III-1 shows a significant loss increase, whereas coating I11-2 shows a
negligible loss increase. Since SiO-, has a higher activation energy for oxygen vacancy
formation |misl5, KAE67], this is a further indication that surface oxygen has a key

role in the loss increase process.

This observed dependence of the loss increase on surface material also implies that
compared to coating I-1, the 1 nm passivation layer on coating I-2 (See Sec. 5.2.1) can
result in a much smaller or even negligible loss increase. Indeed, by repeating the set
of loss measurements performed in chamber I at a temperature of 100°C, we observe
a reduction of the degradation rate by at least an order of magnitude, as shown in
Fig. 5.4b. The reduction in loss rate for a 1 nm-thick SiO; layer can be furthered to

complete by using a 110 nin-thick SiO5 layer as in Fig. 5.4a.

We observe that the likelihood of the oxygen reduction process strongly depends
on the oxide making up the vacuum-facing surface layer. Indeed, the Gibbs free energy

difference AG, and hence the Activation energy E, (Sce Eq. 5.5) for the formation
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of SiO, is larger than for TayOs [misl5, KAE67]: at a temperature of 300K the
oxidation Si — SiOs has AG ~ —850 kJ/mol with a single intermediate oxide, while
the oxidation Ta — Tas05 has AG ~ —750 kJ/mol with four times the number of
intermediate oxides. Eq. 5.5 thus predicts a faster reaction rate of oxygen reduction
for the latter than the former. This dependence of the loss increase rate on surface
layer thickness confirms that the loss process is due to a material transformation in
the TasOs surface layer, rather than a spurious deposition process. This observation
is the strongest cvidence we have for oxygén—depletion causing additional losses in the

TasO5 surface layer.

5.5 Conclusions and discussion

A summary of our experimental parameters and results can be found in Table 5.2.1.

We conclude that the additional losses observed in mirror coatings placed under
high vacuum are a result of a thermally-activated depletion of oxygen from the mir-
ror’s surface TasO5 layer, thereby increasing the concentration of absorbing TasO,-
suboxides, leading to a timc-evolution of the loss factor that likely follows an Arrhe-
nius process. As shown in this paper, this degradation process is strongly accelerated
by temperature, with a rate that likely follows an exponential dependence on 1/7.
The loss can be reversed, in full or in part depending on operating temperature, by
filling the vacuum chamber with an atmosphere pressure of oxygen; and this recovery
can be strongly accelerated and enhanced by the presence of UV light. Most impor-
tant to futurc systems, the loss process can be altogether prevented by passivating
the Tay Oy surface layer with a thin layer of SiO», likely on the order of 10 nm, or by

ensuring that the surface layer of the dielectric stack is SiOs.
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Chapter 6

Quantum logic spectroscopy

Trapped-ion systems are idcal platforms for the studies of high resolution spec-
troscopy, for the long storage time and their near-perfect isolation from environment
can in principle allow experimenters to perform continuous measurecments for data res-
olution improvement. Recent advancement in this field resulted in many applications
such as the development of trapped-ion based atomic clocks [ODD*106] and tech-
niques for real-time chemical dynamics monitoring for molecular ions [HOB*08]. For
quantum information processing in particular, continued progress in high resolution
qubit spectroscopy lead to the demonstration of high fidelity single and multi-qubit
gates needed for fault-tolerant quantum computing [BHLL14, HAB*14]. Among all
these state-of-art experiments, four key elements are required to achieve the level of

performances:
1. A spectrally narrow transition in the quantum system, which is insensitive to
ficld noise fluctuations.
2. An efficient detection method decoupled from the spectroscopy transition.
3. A method to reliably prepare the system in its spectroscopic initial state.

4. The ability to cool the motional degree of freedom to minimize velocity-induced

frequency shifts.
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In a traditional spectroscopy experiment, a quantum system is usually composed
of a single trapped atomic or molecular ion, which is chosen to have its internal levels
simultancously accommodating all four requirements above. Many atoms or molecules
with potentially narrow transitions have not yet been implemented for quantum
metrology [Dch82, YDNO2| or quantum computing |[DeM02, ADD*06, RDD*06,
SBC*11] because of the challenge in pérforming detection, initialization, or efficient
“ cooling. In this chapter, we consider a scheme for spectroscopy oxpefimcnts using
quantum logics [SRL*05], with two cotrapped single ions, so that one ion only needs
to possess a narrow transition, and through ehtanglemcnt betwcon the two, require-
ment (2-4) can be facilitated with the sccond ion. For completeness, Sec. 6.1 reviews
the mathematical formulation considered in [SRL*T05], incorporated with a new gen-
cralized state re-initialization scheme. An original work on spectroscopic ground state

preparation is given in Scc. 6.2.

6.1 Spectroscopy protocol

Here we consider a general challenge of doing spectroscopy between two internal states
of a trapped ion, which has a narrow transition, but lacking an efficient detection or
initialization mecthod. In trapped-ion systems, this implies no simple cyclic dipole
coupling to a third states can be established, so we denote this two level system in
the spectroscopy ion with | {)s and | 1) as its ground and cxcited state, respectively.
For instance, such two level system could be that between two rotational levels of a
molecule, or the 1 Sy-2 Py transition in Group ITIA clements, which is appealing for high
resolution spectroscopy applications. Traditional state detection and cooling methods
through fluorescence scattering are usually not accessible in such two level systems,
and thus making spectroscopy difficult. An indirect approach for spectroscopy, known
as Quantum Logic Spectroscopy (QLS) [SRL*05] was proposed for such systems us-
ing entanglement between two ions through Coulomb interactions. In such setting,
the spectroscopy ion can be entangled a cotrapped detection ion through a phonon

excitation in their common motion. The latter then facilitates efficient state read-out.
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Figure 6-1: Scheme for QLS quantum logic spectroscopy. (a) Single spectroscopy ion
and single detection ion co-trapped in a harmonic oscillator with levels |n)py. (b)
Quantum logic state of the detection ion. The short-lived excited state |e) p couples
to the lower energy level | |)p and is used for state detection. State | T)p can be
pumped to |e)p via optical fields for initialization. (c) Blue sideband spectroscopy: a
m-pulse on the BSB is used to map the | ) 5|0} py state to | 1)s|1)py. (d) Phonon to
detection ion state mapping. |1)py| L) p is mapped to |0} pp| 1) p with a RSB m-pulse.
(e) Red sideband spectroscopy ion state to phonon state mapping: a m-pulse on the
RSB is used to map the | 1)5|0)p, state to | 1)s|1)ps. (f) Phonon to detection ion
state mapping. Similar to (c¢), where |1) py| |)p is mapped to [0) py,| T)p with a RSB
m-pulse.

The specific experimental protocol is detailed in the remainder of this section in four
steps, as shown schematically in Fig. 6-1 (¢)-(f). We start from the assumption that
the spectroscopy ion can be prepared in its ground state | |)s. Ground state cooling
can be achieved via heralded state projection, the details of which are presented in

Sec. 6.2.
The protocol consists of the following four parts:

(i) State preparation: A spectroscopy ion and a detection ion are confined in the
harmonic potential of an ion trap. A schematic is shown in Figure 6-1 (a). The
spectroscopy transition consists of a ground state | |)g and an excited state | 1)s.
The detection ion is treated as a qubit with states | |)p and | 1) p, and with a short-

lived excited state |e) p, which forms a cycling transition together with the | |) p state
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and thereby allows for efficient discrimination between the qubit states as shown in
Figure 6-1 (b). To initialize the experiment, we cool the spectroscopy ion to the
ground state by heralded projection (Section 6.2). Here, we assume that we are in
the | |)s state. We furthermore assume that the detection ion has been cooled to
near its motional ground state and the translational energies of the detection and
spectroscopy ions have thermalized. After this initial cooling, additional sideband
cooling of a common vibrational mode of the two-ion system has brought this mode

to the ground state. The initial state is thus:

| 0= [1)p] )s]0)r, (6.1)

where the first, second, and third state represents that of the detection ion, spec-

troscopy ion, and phonon mode shared by the two ions, respectively.

(i) Blue sideband spectroscopy: The process is illustrated in Figure 6-1 (c). After
the system is prepared in the state given by Eq. 6.1, a coherent excitation is applied on
or near the blue sideband (BSB) of the | |)s — | 1) transition of the spectroscopy
ion. Since neither the exact frequency nor the strength of the transition is known
initially, this will not be a perfect 7-pulse but will transfer the | |)s population to the
| T)s state, with some probability a. The nét result of this BSB pulse is to effectively

entangle the spectroscopy state with the phonon state, resulting in:
Vae?| 11 1) +V1—al 1] 0), (6.2)

where # is the relative phase between the two states. We assume here that the
motional sidebands are well-resolved on the | })s — | 1) transition and that we arc
significantly detuned from the carrier transition. The trap frequency is well-known

as this can be measured using the detection ion.

- (ili) Quantum state mapping to detection ion: To allow for efficient state detection,
we map the phonon state onto the detection ion by applying a red sideband (RSB)

m-pulsc on the detection ion qubit transition. The detuning and Rabi frequency for
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this transition are known with high precision and we assume for simplicity that this

is done with unit fidelity. This is shown in Figure 6-1 (d). The resulting state reads:
Vac®| 110) + vI—al 14 0). (6.3)

(iv) Detection and state re-initialization: At this point, all the spectroscopic in-
formation contained in the transition probability a can be revealed by measuring the
detection ion. This is facilitated by applying a repump field between | })p and |e)p,
and collecting the scattcred photons corresponding to the |e)p — | |)p relaxation
(see e.g. ¥SrT ion in Sec. 3.4.1). Depending on whether the detection ion is in | {)p
or | 1) p, it will either scatter photons or remain dark. By repeating the measurement
on the detection ion state for different spectroscopy excitation frequencies, we can

fully characterize the linc shape of the spectroscopy state transition.

In order to determine « with high precision for each probe frequency, the state
in Eq. 6.3 needs to be regencrated many times to build sufficient detection statistics.
An efficient method for re-initializing the wave function after the collapse of Eq. 6.3
upon each detection cvent is therefore necessary. In our protocol, this is carried out

using heralded projection. We detail the process in the following.

Depending on the measurement outcome, two different procedures are taken: In
the simplest case, the measurement outcome is | |)p and the system has been pro-
jected onto the | J) 0) state. In this scenario, the system has been reinitialized and
the spectroscopy protocol can start again. If, on the other hand, | 1)p is detected,
the system is projected onto the | 11 0) state. Reinitialization to the | |l 0) state
can proceed by first removing the detection ion excitation via a repump field from
state | 1) p to |e)p, which will relax to | |)p, leaving the overall wave function in the
spectroscopy state excitation | |1 0). Possible excitation of the phonon state during
this process can be removed through a brief sequence of sideband cooling on the de-
tection ion. To remove the spectroscopy state excitation, similar to step (ii) and (iii),
one can transfer it to the detection ion via the phonon bus. More specifically, one

can apply a RSB w-pulsc on the spectroscopy transition as illustrated in Figure 6-1
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(¢), resulting in

Vae?| 1L 1) + VT —al 11 0). (6.4)

Note that the RSB Rabi frequency is lower than that of the BSB (c.f. Eq. 6.2) by a
factor of v/2. We therefore adjust the excitation pulse length accordingly to maintain
the same probability « for the m-pulse transition. Now, similar to Eq. 6.3, making
a RSB transition on the detection ion state (sce Figure 6-1 (f)) changes the wave

function into

Vae?| 14 0) + V1 —al 41 0). (6.5)

Upon mecasuring the detection ion state of Eq. 6.5, the system is cither projected to
| 14 0), which can be brought down to | JJ 0) by optical pumping, or | |1 0), which

can be cooled again by repeating the pulse sequences in Eq. 6.4 and Eq. 6.5.

6.2 Ground state preparation

We recall that in See. 6.1, we have begun in our QLS protocol with an initial state
10)p| 4)s]|0)pr (c.f. Eq. 6.1), assuming that the spectroscopy ion can be prepared in
its pure ground state | |)s. However, unlike the detection ion internal state or the
phonon state, direct laser cooling is non-trivial for the spectroscopy ion since the tran-
sition considered in our case is not coupled to a cyclic transition. In this scction, we
outline an approach for which ground statc preparation for spectroscopy transitions
without cyclic coupling can be achieved through a heralded projection cooling scheme
in the QLS sctting. The techniques follow similarly to the state initialization process
introduced in Sec. 6.1. For completeness, in several specific cases where ¢.g. rotational
state spectroscopy is considered for large molecular ensembles, ground state prepara-
tion schemes have been implemented through direct laser cooling [SHST10, SRD*10]
and by state sclective loading of the ion trap [TWW10]. In [SRL*05], a deterministic

cooling scheme is implemented for the clock transition of a single Alt ion as well.

We first consider a larger Hilbert space § with IV states, the cigenstates of which

we denote |n)g, containing the ground state of the spectroscopy ion | J)s. In gen-
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Figure 6-2: Summary of the quantum logic spectroscopy protocol. Green: initial
ground state preparation via projection measurement for a single spectroscopy ion
and detection ion pair. Purple: spectroscopy procedure starting with system initial-
ized to spectroscopy ground state. State re-initialization is achieved using projection
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cral, duc to thermal excitation, each state |n)g in S is populated with some initial

probability py(n), resulting in a mixed state

[ h{d @

ZPO(")|"><”|S} ®10){0| pn, (6.6)

where n denotes the quantumm number in §. For simplicity in wave function indexing,
we rename | ) g as |0)s. We also assume without loss of generality that we can address
the transitions between two adjacent levels with a coherent excitation, which we refer
as the cooling excitation in the following. For instance, in the case of spectroscopy
in molecular ion rotational states, duc to the small energy (in GHz range) spacing,
all rotational levels may be occupied at temperatures a typical ion-trap experiment
opcrates. Thus S refers to the whole sct of rotational levels, with |n)g indexing
the rotational statc wave function |J)g, and the system dimension N is infinite.
The cooling cxcitation connecting adjacent levels are the same as the spectroscopy
excitation, which e.g. can be a direct coherent microwave pulse. Whereas in some
other cascs, such as for an atomic clock transition, because the | [)s — | T)g transition
is in the optical range, thermal excitation typically does not populate the spectroscopy
excited state. S thus does not contain | 1)s. |n)s = |mp)s indexes the hyperfine
magnetic sub-level number, resulting in a finite system dimension of N = 2F + 1,
where F is the hyperfine total angular momentum quantum number. The cooling
cxcitation among |n)g is therefore not the spectroscopy transitions, but in this casc

refers to ¢.g. a direct microwave, or Raman transitions among the hyperfine levels.

Similar to the techniques presented in the QLS protocol, ground state preparation
can be done by entangling the spectroscopy ion with the detection qubit ion, and
projecting the former down to its ground state upon state detection of the latter. We
perform the state mapping between the two via the phonon bus using a RSB #-pulse

on the n — n — 1 cooling transition followed by a RSB m-pulse on the detection ion
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qubit, as outlined in Section 6.1 (iv). The density matrix in Eq. 6.6 then turns into:

Bipo(D)| 1)(1 [p © 0){0]s ® [0)(0[pn
+(1 = BUpo()] W |p ® 11){1]s ® [0)(0] pr

> mo(n)in) (’nls] ® [0)(0]pn (6.7)

n#l

+H W Ip®

where, (31, similar to a in Eq. 6.2 s the probability of transitioning between |0)s and

|1)s at the frequency of the cooling source, which converges to unity on resonance.

Upon measuring the detection ion in | 1) p, the wave function in S is thus projected
to its ground state |0)s. Such detection has been demonstrated with infidelities below
10~* [MSW*08], which makes this a very robust scheme for ground state preparation.

The probability of detecting | 1)p, and thus projecting S to |0)s is

Pt = Bipo(1), (6.8)

which converges to the population of |0)s, po(1) when 8 is close to unity, i.c. for a
perfect m-pulse on the RSB cooling transition. If on the other hand, the measurement

outcome of the protocol is | })p, S is projected to yet another mixed state

D b [ZPI(”)W) (nls

n=0

® [0){0] pp- (6.9)

However, for the new mixed state, py(1) o< (1 — B1)po(1), which converges to 0 when
the RSB transition |1)g — |0)s is close to resonance. That is to say, the system
renormalizes so that the first excited state |1) g is emptied and the ground state |0) g

is populated with a higher probability p1(0) ~ po(0)/(1 — po(1)).

Following the samec pulse sequence, onc can proceed to probe the next most pop-
ulated state, namely |2)g, with the addressing cooling frequency tuned close to the

|2)s — |1)s resonance. Similarly, the new mixed state purifies the system further,
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yielding

Bapr(2)] TY(T [pI1)(1]5]0){0] pn
+(1 = B2)p1(2)] D 1]2)(215]0) (0] pn
N
+ Do [}: pl(n)ln)(nls} 10)}(0l P, (6.10)
n#1,2
where (35 is the transition probability between |1)g and |2)s. Due to the state reno-
malization after removing the population in |1)g, the probability of detecting [1)p at

this second cooling attempt follows
»Pgool = ,83])1(2) — p1(2) > po('Z), (611)

where the convergence fap1(2) — p1(2) takes place when the transition is addressed

on resonarce.

Detection of | 1) p from the new mixed state in Eq. 6.10 will then project the state
to | 1) p|1)s]0) pr. Because this is a pure state, it can be brought down to the ground
state by repeating the projection cooling between |1)g and |0)s (see part (iv) of the

spectroscopy protocol in Sec. 6.1 for the case | 1) p|1)s|0)pr = | 1) b| 1)s]0) pr)-

Inthecase | |)pis detected, a new mixed state is obtained with the first and sccond
excited state emptied, and the ground state populated with higher probability due to
re-normalization. Therefore, to cool the thermal state in Eq. 6.6, one can probe the
rotational transition of |1)s — |0)g, |2)s — |1)s, ctc., until the system is projected
to a pure state | 1) p|7)5|0) pr, which can then be projected down to the ground state

following the ladder downwards.

6.3 Conclusions and discussion

In this chapter, we have set up the theoretical frame work of quantum logic spec-

troscopy. The spectroscopy protocol is summarized in Fig. 6-2. This approach can be
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applied in general for spectroscopy on narrow transitions, which are not connected to
other states via cyclic double coupling. For instance, in QIS using rotational states of
molecular ions, this method is particularly useful for single molecule rotational state

spectroscopy. In Chap. 7, we will apply this formalism on the rotational states of

SrClt ion.-
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Chapter 7

Molecular ion qubits and microwave

QLS

Precise mcasurement and control of ultracold molecules are essential to the advance-
ment of a wide range of scientific fields. The development of cooling and control
techniques for neutral molecules has, e.g., led to the study of novel quantum phases
in the ultra-low temperature regime [CY09]; the extreme isolation of molecules from
environment at milliKelvin temperaturcs offers an ideal setup for the studics of chem-
ical rcaction [WBGSO08], astrophysical processes [CCS93], time-variation of physical
constants [SK05, BKB*11}, as well as the search for the electron electric dipole mo-
ment [SC04, MBDO06}; moreover, the rich internal structure of molecules make them
promising candidates for quantum information processing A[DeMOZ], especially trapped
polar molecular ions, due to their long storage time and large permanent dipole mo-
ment. In a quantum processor, where rotational states of a polar molecular ion is
used as a qubit [SBCT11], the long coherence time and relatively large permanent
dipole moment results in a favorable ratio between the rate at which information can
be manipulated and the rate at which information is lost. Furthermore, because these
rotational state qubit transitions lic in the microwave range, they can be addressed
with ficlds integrated to a plancr trap design, with reliable and stable sources that are

readily available. Not only can this significantly reduces the experimental overhecad
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comparcd with atomic-ion implementations with highly-stable laser sources in the
visible and uv-range [BW08|, it also opens a channel for hybridizing trapped-ion and
super-conducting qubits, incorporating their long-coherence (memory) and fast-gate

(processing) features, respectively [ADD06].

Despite the appealing featurcs polar molecular ions offered for QIS, there have
been four significant challenges opposing the implementation of a quantum processor
based on polar molecules and coherent microwave fields: (i) The absence of closed
transitions between the rovibrational states implies conventional spectroscopy tech-
niques through fluorescence photon scattering fails in state detection. (ii) Cooling
and state initialization arc similarly complicated by the lack of a cycling transition.
(iii) The long waveclengths of the microwave transitions implies that there is negligible
coupling to the motion of the molecular ion and, hence, any conditional multi-qubit
gate relying a motional bus, such as Ref. [CZ95, MS99|, will be very slow. (iv) Fi-
nally, individual addressing of moleccular ions is also complicated by the use of long
(~cm) wavclengths due the typical ion spacings in ion traps being on the order of
10 pm. In this chapter, we show that the protocol of QLS we developed in Chapter
6 can be incorporated for molecular ion qubits.to address the above concerns. We
show that by entangling a molccular ion qubit with an atomic ion with well charac-
terized spectroscopic transitions, the rotational state spectroscopy can be achieved
via state detection on the atomic ion; cooling and state initialization can be realized
via atomic ion manipulation and molecular ion heralded projection. A scheme for
efficient microwave photons coupling to the molecular motional states is shown in
a laser or cavity-induced AC Stark ficld, the manipulation on which also allows for

individual addressing on molecular ion qubits.

Sec. 7.1 formulates the rotational state qubit levels of a polar molecular ion.
Sec. 7.2 examines the detailed experimental feasibility for microwave QLS for molec-
ular ions, addressing spectroscopy, cooling, state initialization, efficient phonon cou-
pling, and individual addressing. The chapter is concluded with a scction of discus-

s1om.
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7.1 Rotational state qubit in polar molecular ions

We consider the quantum dynamics of a diatomic molecule with one shell electron.
Due to the complex Coulomb interactions among electrons and nuclei, the full Hamil-
tonian describing the molecular dynamics cannot be solved exactly. Nonetheless,
due to the vanishing ratio of mass and hence time scale, the electronic and nuclear
dynamics in many cases can be separated using Born-Oppenheimer approximation.
Furthermore, the nuclear motions can be decomposed into center of mass and rela-
tive motions. The rotational motion, as part of the nuclear relative motion can be
further separated under a rigid rotor approximation, where the relative distance be-
tween the two nuclei is considered constant due to again, the vanishing energy scale
ratio between rotational and vibrational motions. We detail the derivation of Born-
Oppenheimer approximation in Appendix B, and quote the resultant Hamiltonian for
molecular rotation motions directly:
12 L?

Heot(0,0) = 5;}2—% = 20y’

(7.1)

where Iy = uR2 is the moment of inertia of the rotor at a fixed inter-nuclear distance
Ry. The cigenstates of Eq. 7.1 arc the spherical harmonics Yj,,, (0, ¢), where J and
my arc the angular momentum and magnetic quantum numbers of the rotational

motion, respectively, and the energy levels follow

HeotYsmy (0, 8) = ET*Yiym, (6, 9), (7.2)

where B = hC = h- 5%] (J+1). The constant C is usually referred as the rotational

constant of molecules.

The relative error due to the rigid rotor approximation for the rotational levels is
considered with more details in Ref. [Ant11]. Treating the inter-nuclei interaction as

a perturbation in the centrifugal force of rotation, the rotational Hamiltonian with a
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first order correction follows

- L? L?/21, .

where £ is the vibrational energy constant. The correction due to vibration, not
surprisingly, is the rotational to vibrational energy spacing ratio of the molecule,

which is typically on the order of 0.1%.

At the electronic ground state, the J = 0 and 1 rotationai levels of molecule
are promising candidates for qubits in trapped-ion quantum computing, for (i), the
cnergy spacing rises non-linearly, making qubit addressing not mixed with the other
levels; (ii) the magnetic dipole moment due to nuclear rotation is negligibly small in
comparison to that of atomic ions, resulting in a robust qubit system to magnetic
ficld noise; (iii), the line width I'j_; of the qubit transition follows
Ty = %I— (7.4)
where wgr = (B — Ef°*)/h is the transition frequency. pg; = e(1|r|2) is the clectric
dipole moment, with e denoting the electron charge. €y and ¢ are the electric per-
mittivity and speed of light in vacuum. Because of the low cnergy spacing between
rotational levels (GHz), the coherence time can be 10" longer than that of an atomic
clectric dipole transition (100THz). However, also duc to the dense rotational encrgy
spacing as well, there can be hardly cyclic transitions, based on which traditional di-
rect laser cooling, fluorescent detection or ground state initialization are implemented.
Qubit spectroscopy is thus challenging. Nonetheless, in the next section, we aim to
sct up a new cxperimental proposal for molecular ion rotational state spectroscopy

using the formalism developed in Chapter 6.
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7.2 Microwave QLS for molecular ions

The construction of a quantum computer based on microwave-addressed trapped
polar molecular ion qubit is challenging. Qubit spectroscopy and ground state ini-
tialization is hard to implement for the lack of cyclic coupling in qubit transitions.
Entanglement through phonon coupling and individual qubit addressing is difficult to
access due to the long wavelength of microwaves for qubit control. For spectroscopy,
most current methods used for single or clouds of molecules are destiructive [BJDO6,
HHS*09, RKDS06, CSK*11, SHS*10, SRD*10, TWW10|, against the concept of
long qubit storage time in ion traps. For state initialization, most implementations
require dedicated laser systems for qubit manipulation [VMD06b, VMDO06a, SRK+06,
Leil2, SHS*10, SRD*10, TWW10]. Although in these cases replacing microwaves
with optical ficlds can remove the difﬁéulties in phonon coupling and individual qubit
addressing, it opposes the simplicity and hybridizability of on-chip microwave inte-
gration for molecular ion qubits. Onc method to incorporate direct microwave qubit
control, while still able to perform rotational spectroscopy is the QLS protocol we de-
veloped in Chapter 6. In this section, we aim to examine the experimental feasibility
for applying QLS to rotational states of polar molecular ions, with direct microwave
addressing. In particular, an experiment design with SrCl* cotrapped with Srt is de-
scribed as a dctailed demonstration in Scc. 7.2.1. In Scc. 7.2.2, and 7.2.3, we examine

and address the additional requirements for the use of microwave.

7.2.1 Experiment design with SrCI*

In this section, we describe how microwave qubit control and spectroscopy can be
realized in the QLS framework for SrCl™ molecule rotational levels. To examine
the overall experimental feasibility, we analyze the processing time for each step and
comparc them with the various characteristic decoherence time scales for internal and

external states. Before cach incoherent operation takes place (namely a detection or
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Table 7.1: Experiment parameters for microwave QLS spectroscopy on molecular
rotations

System  Experiment parameters Symbol Value Units

SrCIt m-pulse /s 5 ns
LDP Ng 0.1 a.u.

Decoherence time 7570 100  ms

Srt m-pulse 7/Qp 2 us
LDP ) 0.02  a.u.

Decoherence time 7t 390 ms

Phonon Decoherence time TP, 0.5 s !

cooling process in our case), the processing time t should follow

t < min{rg™", TIT)_>J', TPh} (7.5)

where 7870 and 757 are the life times of |1)g, and | 1)p, respectively. 7py is the

time scale corresponding to the phononic anomalous heating. These time constants

are summarized in Table. 7.1.

We consider a single SrC1* and a single St ion confined in the harmonic potential
from a planer ion trap. We described a general protocol of QLS in Chapter 6. In this
particular case, the spectroscopy transition of interest is between the ground and first

rotational levels of SrCl*, following

| US = |J = 0>sr01+,127 1 T)S = IJ = 1>SrCl+,lS’ (7-6)

the clectronic configuration of which is in the 'Y ground state. For the detection ion
Sr*, transition 5S,5(m = —1/2) — 4Ds;(m = —5/2), and 4D5,s(m = —5/2) —
5P3/5 arc used respectively as a the qubit and repump transitions, as for single Srt

ion qubit operations in Scc. 3.4.1, following

[ Vo =1[S12.ma2)set, | 1o = |Dsjz,mospa)sets  |€)p = |Pyj2)art (1.7)

Extensive work on the trapping of SrCl* and Sr' ions has been accomplished in P. An-

140



tohi’s thesis work [Ant11], in which the techniques used can be faithfully transferred
to set up preliminary steps for QLS. In particular, loading of Sr* ions can be achieved
through ionizing a Sr metal oven flux, whereas SrClt can be obtained through laser
ablation on a SrClOj3 crystal. To reduce the cooling overhead for internal and exter-
nal motion degrees of freedoms, vacuum systems with a bath or closed-cycle cryostat
enclosure can also be used. Sympathetic cooling of the SrCl* motion can be achieved
through Dopplér cooling on the Sr* ion (see e.g. Ref. [EMSKBO03]). Cooling to com-
mon motion ground state by further phonon excitation removal can be achieved via

sideband cooling [DBIWS89].

The first step of QLS as outlined in Chapter 6.1 is to cool SrCl™ ion to its spec-
troscopy ground state | })s. According to our formalism in Sec. 6.2, the larger
thermally populated Hilbert space S containing | |} is spanned by all the rotational

levels, so the its eigen levels |n) g follow

n)s =1J = n)gcre 1z (7.8)
The thermal population pg(n) of each state |n)s follows Boltzmann distribution,

po(n) = -&%—1 exp [-hCn(n + 1)/kgT], (7.9)

where the rotational constant C' = 6.5 GHz (c.f. Eq. 7.2). At temperature T = 5 K
in a cryogenic environment for instance, po(n) for the first few states is shown in
Fig. 7.2.1 (a). Following the protocol of state preparation, the mixed state can be
purified with heralded projection, with probability P — 0.17 and P — 0.22,
etc., where the arrows indicate the probability convergence at the resonance transition
frequency. The renormalized distribution after cach attempt of cooling (if not yet
purified) is shown in Fig. 7.2.1 (b-j). The total failure rate after 9 attempts of cooling
projection is po(n > 9)/[po(n > 9) + po(0)] = 0.03. The microwave frequency needed
at this |9)s — |8)s transition is 117 GHz, which can be easily obtained from a

commercial supplier, e.g. Agilent E8257D PSG with a frequency doubler. We leave
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Figure 7-1: Evolution of the renormalized molecular rotational state population dis-
tribution after projecting the system to a new mixed state via heralded projection
cooling, assuming o = 1.0

the feasibility analysis for cooling process to the end this section, since this process

involves all the techniques used in the rest of steps.

Once ground state cooling is completed, the protocol calls for a microwave-addressed
blue sideband m-pulse on the SrClt rotational state transition (See Eq. 6.2). In a
typical planer trap design involving a microwave cavity or coplaner waveguide, the
microwave electric field strength at the ion can reach ~500kV/m at a 1V microwave
signal applied (Sce, c.g. Chapter 5 of Ref. [Ant11]). With a ~10 Debye dipole moment,
a 200 MHz Rabi frequency can be obtained for the microwave addressed rotational
state transition. It is however, non-trivial to opcrate a sideband transition, since the
Lamb-Dicke parameter (LDP) ng associated with the long wavelength of microwave
signals is typically too small (See Eq. 2.18). Nonetheless, it is possible to engineer an
cffective, sufficiently large Lamb-Dicke parameter using an electric field gradient. We
save the detailed discussion until Sec. 7.2.2, and here use the result directly. With

ng = 0.01, the total time ¢5 needed for this step is approx. 0.5 us.

The third step involves the quantum state transfer to the Sr* ion. In a typical
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experiment setting, a Rabi frequency if 200 kHz! and a Lamb-Dicke parameter of 0.02
for Sr*2 can be obtained for the | })p — | 1)p transition. Therefore the time 3 need

for this step is roughly 0.1 ms.

The first incoherent operation takes place during the last last step of our protocol,
where the quantum state transferred to the Sr* qubit is detected. t3 = 0.1 ms
- contributes predominately to the total processing time in all previous steps, which
well satisfies Eq. 7.5. The re-initialization part consists of a blue sideband transition
SrCl*, and a quantum state transfer to Sr*. Therefore, the processing time involved

in this stage is roughly the same as the sum of ¢t and t3, satisfying Eq. 7.5 as well.

We now return to the first cooling stage of our protocol. Although most times
several cooling cycles may be needed before the system reaches a rotational ground
state, a projection measurement takes place at the end of each cycle. Therefore, we
only need to analyze the processing time for cach cooling cycle, which similarly to the
re-initialization process, consists of a rotational sideband transition and a quantum
state transfer, resulting in a required time of ¢2 + t3 = 0.1 ms, within our limit set in

Eq. 7.5.

7.2.2 Effective Lamb-Dicke parameter

In Sec. 7.2.1, we have left out a key clement in the discussion of processing time
for SrCl* rotational states. The time scale associated with the sideband transitions
depends critically on the the Lamb-Dicke parameter, which for long-wavelength mi-
crowave transitions, is vanishingly small. Nonetheless, a large, effective Lamb-Dicke
parameter can be engineered by creating a state-dependent ion-field interaction with
an assisting field gradient. This is because the ion coupling.to tﬁe field gradient ex-
periences a state-dependent force and hence a different equilibrium position in the
trap. An internal transition can thus result in a slight displacement of the ion motion,

giving rise to a more efficient phonon coupling. In this section, we outline a scheme to

1See for example, Chapter 4 of Ref. [Lab08|
2characterized performance of Nb surface trap, Chapter 5 of Ref. |Ant11], obtained from measured
secular frequency of 180 kHz
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implement this idea using a far-off resonance laser ficld, to which rotational states of
the molecule are coupled via differential AC Stark shift. For completeness, the idea
of achicving an effective, non-negligible Lamb-Dicke parameter was first proposed
and implemented for atomic ion hypcrﬁhc transitions, using magnetic ficld gradi-
ent [MWO01, OLA108, OWC™'11, TBJ*11]. This method however, does not extend
straightforwardly in our case for molecules, whose magnetic dipole moments are van-
ishingly small. This is because for a typical diatomic such as SrCl*, the electronic
ground state is in the 'Y configuration with vanishing angular momentum. Angular
momenta from nuclear rotational motions are negligibly small compared to those from

clectrons, because the former is three orders of magnitude more massive.

Formalism

We consider again the spectroscopy transition | |)s — | T)s between the lowest two
rotational states of SrCl*, which has mass m and is confined in a harmonic potential.
One cigenmode resulted from this harmonic motion has frequency w;, and we define

its direction as the z-axis. The Hamiltonian for this system is

1 , :
H = Shw(z)o + hwala, (7.10)

e

where o, = | Ns{t | — | {)s{} |, and a and al are the annihilation and creation
operators of the motional states, respectively. The energy difference between the two
rotational states has a spatial dependence acquired through the interaction with some

spatially varying cxternal potential:
1
w(z) = 5 [e1(2) — €0(2)] - (7.11)
Inserting into the Hamiltonian, we get

1 .
H =3 e(z) — eo(2)] o= + hwala. (7.12)
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At this point we make the assumption that the ion makes only small excursions
around the trap location z = 0 and that the encrgy of the two states is linear in their
interaction with the external potential. This justifies only keeping terms to first order
in an cxpansion of the energies of the two states (j = 0,1):

9e;(2)

EJ' = éj(O) + 07

x z = €;(0) + d,€;(2) x ao(a + at), (7.13)

2=0

where we have expressed the position operator through the annihilation and creation

operators and where we have defined o = 57;';’; as the ground state wave packet

size. Inserting into the expression for the Hamiltonian we get

1 1
H= 573/.000: + hwata + §hwtec(a +ah)o, (7.14)
where
1

W = E [61(0) - 60(0)] (715)
and

e =220, [e1 — €] (7.16)

c = hwt z |€1 0lz=0 - -

The last term describes a coupling between the rotational states and the motion
of the molecular ion, which corresponds to the energy levels shifting as the ion is
moving. This is of course what onc expects from a potential gradient that couples
to the cnergy levels; nevertheless, it is uscful for our treatment here to transform
into a frame in which the energy levels, in the presence of the external potential, arc
constant. This is achieved through the unitary transformation H = ¢SHe S| where
S = %ec(a,T — a)o,. Invoking this, the transformed Hamiltonian reads

- 1
H = ~hwyo, + hweala — Zhwteg. (7.17)

| =

The last constant term doces not affect the dynamics and will therefore be ignored in

the following.

We now introduce an clectromagnetic field that interacts with the molecular ion
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on, or ncar, the |0)g <+ |1)g transition. The corresponding Hamiltonian reads:

1 " ,
Hp = 5hQ (o + o) (e 1 Hee.), (7.18)

L

where Q = %E is the Rabi frequency, with p being the relevant transition dipole
moment and E the clectromagnetic field strength. wg is the frequency of the ficld
and k, = “Ecos© is the wave vector, with © accounting for the angle between the
incident beam and the z-axis. Note that we are using the subscript F to signify that
the transition of interest is an electric dipole transition, specifically, the |0)s +» |1}

rotational transition.

We replace the position coordinate by its quantum mechanical operator, z =

oo{a’ + @), and rewrite Eq. 7.18 in terms of the LDP 1 = ook,
1 .
Hg = 5hQ oy + o_)(etaT+a)—wrtl L 1 ¢ ). (7.19)

The interaction Hamiltonian is transformed as above according to Hg = ¥ Hge ™,

which gives

1
Hyp = —-hQo ee“(”f““)+U_e—6c(a*--ﬂr))
9 +

x (¢l romao)wed ) (7.20)

It is uscful to transform Hp into the interaction picture with respect to H, i.c.,
performing the transformation H it — cHHt/R T Ee‘im/ k where H= %hwoaz + hwata
as found above. Invoking the rotating wave approximation, omitting terms oscillating

at 2wy, the final result for the interaction Hamiltonian reads:

Hg'xt — %hQ (O_+ef'i(At—7;e,;) X e‘i[(T)+1’-€(;>)a+(71—‘i(4;)(LT]

+ O-_ei(At‘i*Tlfc) x e—-i.[(77+iec)a+(n—ieﬂ)a"]) (,.,21)

where A = wgp — wy is the frequency detuning.

From the above expression for the interaction Hamiltonian, we can define an

146



effective, complex LDP: neg = 1 + ie.. Rewriting this complex parameter in terms of
its magnitude and phase, we get ez = /12 + €2¢'?, where the phase ¢ = arctan(e./n)

for n > 0. The intcraction Hamiltonian can now be written as:
At = %hﬂ (0+e"m’ x gV retlaetralem?] | H.c.) , (7.22)

where we have absorbed the e phase into o, which is only defined up to an

arbitrary phase. Similarly, we may absorb the e**® phases into @ and af, in which

case the interaction Hamiltonian is expressed simply as
- . 1 . . X
Hgt = ihﬂ (cr+e_"“ x eitenllatal] H.c.) . (7.23)

The key result of this derivation, as was first pointed out by Mintert and Wundecr-
lich [MWO01], is that an effective LDP, |neg| = \/m, has emerged, and that this
is tunable through e.. This means that even when 1 ~ 0, as is typically the case on
a microwave transition owing to the long wavelength, we have |neg| = €.. Sideband
transitions are still feasible when €. takes on non-negligible values. In the following,

we shall consider a method for achieving non-zero values of €.

Optical AC Stark shift gradient

For the rotational levels of molecular ions, a large effective LDP can be achieved using
a spatially varying laser field according to Eq. 7.16, provided the dynamic polariz-
abilities at the laser frequency of the two rotational states are sufficiently different.
Calculations as well as data for the dynamic polarizability of molecular ions are scarce
in the literature. Neutral molecules, however, have been studied in much greater detail
and in particular the alkali dimers such as KRb and RbCs [KT06, KD10|. Exper-
iments with these molecules typically seck to achicve confinement in optical dipole
traps using far off-resonant lascrs, which may induce significant AC Stark shifts,
also on the rotational statcs. For this reason, there have been strong efforts to find

so-called magic wavelengths of the trapping laser, where the differential Stark shift
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between the

1)s and the | 1) states is zero.. While our goal here is precisely the
opposite, we may still rely on the quantitative analysis from these works in evaluating

the feasibility of our technique.

For the purpose of providing an order of magnitude estimate of the electric ficld
gradient needed to achieve our proposed scheme, we approximate the dynamic po-
larizability of SrCl™ by that of KRb. We further justify this simplification in our
estimate by noting that, despite the difference in atomic species, the values obtained
for KRb and RbCs arc of the same order of magnitude [KT06, KD10]. By the same

reasoning, we would expect similar behavior for the SrClt molecular ion.

Bascd on the value for the difference in polarizability of the |0)s and |1)g states,
Aay, for KRb reported in, e.g., Ref. [KD10], we give an estimate for SrC1™* of Aag; ~
1000 a.u., where 1 a.u. ~ 4.7 x 1078 MHz/(W/cm?). We note that the calculations of
Ref. [KD10] were performed for a wide spectrum of wavelengths from the visible and
into the IR and that Aayg, is expected to be fairly constant across this range apart from
regions around electronic resonances. This suggests that one can rely on wavelengths

around 1 pm or 1.5 um where high-power, stable sources are commercially available.

The change in energy duc to the AC Stark shift is given by AE(z) = hAag (z),
where /(z) denotes the intensity of the laser used to create this spatially varying AC
Stark shift. We consider both a standing wave laser ficld along the z-axis as well as
a traveling wave laser field propagating perpendicular to the z-axis and focused to a
tight waist, wp. In the former case I(z) = Iy sin®(keez + e ), where kq. and ¢, denote
the wave number and phase constant, respectively. In the latter 1(z) = I e~ (z==0)"/wj
In both cases the peak intensity is Iy = %3’ with the P being the total power in the
beam, and wy being the beam waist. In both cases we assume that the molecular
lon is positioned at the point of stecpest optical gradient, corresponding to ¢ =
and zp = wp in the standing and traveling wave cases, respectively. We furthermorc

assume that the wavepacket size is small compared to the optical wavelength (Lamb-

Dicke regime), which motivates an expansion around z = 0 to get:
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RAagily (3 + k2), standing wave,

AE(z) = (7.24)
hAog Lye™ (1 - %}%) ,  traveling wave.
Using z = op(a + a'), the expression for the effective LDP can be found to be
Aan foo x I, standing wave,
|77eff| €= “r (725)

Bane—1200 o [, traveling wave.
W wo

The standing wave configuration can be realized either by retro-reflecting the
laser beam off a single mirror or by using an optical cavity. Figure 7.2.2 (a) plots the
effective LDP for three different experimental scenarios, namely, a tightly focused laser
beam, a retro-reflected, moderately tight focused laser beam, and a loosely focused
cavity beam, all with wavelength A =1 pm. For each scenario, the focusing is chosen
to allow for an cffective LDP in the 1072 — 107! range with reasonable power level and
the figure thus represents the compromise between complexity of the experiment and
the available power. The example is based on SrCl* confined in a trap with a trap
frequency, wy/2m = 1 MHz and Aag ~ 1000 a.u.. The value used for the difference
in polarizability was estimated from that of the neutral alkali dimer KRb [KD10].
While we don’t believe it to be significantly different from that of SrCl*, even if it
was lower by an order of magnitude, the linear scaling with this parameter, means
that an effective LDP at the percent-level is still feasible with the parameters used in

the above example.

It is clear that an appreciable LDP can be achieved. Even larger values of e,
could be achieved without going to higher power levels by lowering the trap fre-
quency [PD12], which would increase o accordingly. Ultimately, the trap frequency
is expected to be constrained by the requirement of the atomic ion remaining in the
Lamb-Dicke regime in order to obtain efficient sideband operations. Recently, how-

ever, sideband cooling to the ground state was demonstrated at trap frequencies lower

than 300 kHz [PMD12].
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Figure 7-2: (a) Effective LDP produced by spatially varying laser field for three
different scenarios, all at wavelength A = 1 pm. Red: focused laser beam, wy =
2 pm. Green: retro-reflected laser beam, wy = 20 pm. Blue: Cavity laser beam,
wy = 100 pm, cavity finesse, F' = 1000. (b) Estimate of spontancous-Raman-rate-to-
Rabi-frequency ratio. Raman scattering rate is estimated using 107%x Rayleigh rate,
for travelling and standing waves, both at wavelength A = 1 pm.

7.2.3 Decoherence induced by off-resonance laser field

We have shown that an effective LDP can be achieved by coupling the trapped
molecule with an off-resonant laser field. However, the increase in effective LDP
with the laser intensity, as captured by Figure 7.2.2 (a), is accompanied by an in-
crease in the scattering rate of the molecule. In this respect, the spontancous Raman
scattering rate is of particular relevance as it leads to a new decoherence mechanism,
which might affect our experiment feasibility. As the Raman scattering results from
cffective LDP genecration, which can be switched oft during other steps of the exper-
iment, we only needs to compare its time scale with that of the sideband transition.

That is, the following inequality needs to be fulfilled (c.f. Eq. 7.5):

T & 1
neHQS R x 10-%’

(7.26)

where on the right side of Eq.7.26, we gauged the Raman scattering via the Rayleigh

scattering rate R, which is typically three orders of magnitude higher than the for-
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mer [Lon77|, and can be estimated simply from knowledge of the polarizability, «a,

alone [CTDRG92]:
_ 2rhwlof

R 3c?

X I(), (727)

where w,, is the frequency of the laser used to create the spatially varying AC Stark
shift, and « is the rotational state polarizability of the molecular ion, which is mea-
sured, for consistency in atomic unit [KD10], with 1 a.u. ~ 4.7 x 107® MHz/(W/cm?).
The lincar dependence on intensity, Iy, similarly to the expression for €, in 7.25, sug-
gests that the optimal intensity is determined by the microwave Rabi frequency Q.
The ratio %—;—3 is plotted in Figure 7.2.2 (b), where again, due to the lack of knowl-
edge of a’s of all states of SrCl*, we give an order-of-magnitude estimate based on
the ground-state polarizability & = 1000 a.u. of KRb in Ref. |[KD10|. Based on this
estimate, it is clear that, even at conservative microwave power, the ratio of Raman

decoherence rate to the Rabi frequency can be made as low as 1075, This suggests that

Raman scattering should not present a major obstacle to our experimental protocol.

7.3 Conclusions and discussion

In summary, we show that in the framework of quantum logic spectroscopy, rotational
spectroscopy can be implemented for trapped polar molecular ions. Direct microwave
addressing can be achieved via an effective Lamb-Dicke parameter on the order of
~0.1, induced by a spatially varying AC Stark shift. Although the ground state
cooling and state detection scheme we propose naturally leads to the QIP architecture
with qubits encoded in the molecular rotational states, the same techniques can be
genceralized to those encoded in the hyperfine structure (HES) sublevels of a single
rotational state. Thesc HFS-encoded states are much more robust to stray clectric
ficld fluctuations, and hence can have a much longer coherence time (typically on the
order of 10 s) [SBC*11}. The cotrapped atomic-molecular-ion system can be used as
a hybrid quantum information processor, where fast gate opcrations with atomic ions

and long-lived quantum memories with molecular ions can both be exploited.
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Chapter 8

Conclusidn and future work

In this thesis, we have studied trapped atomic and molecular ions, for their applica-
tions in quantum information scicnce. One one hand, while precise laser control and
manipulation allows for high fidclity gate implementation for atomic ions, it can be
quite challenging to implement cavity QED for single ions in the optical regime for
quantum network construction. On the other hand, although microwave cavity QED
systems can be envisioned for polar molecular ions for a compact and scalable quan-
tum network model, the lack of suitable closed transition makes it difficult to perform
rcliable spectroscopy and detection with molecules. This thesis thus aimed to inves-
tigatc along this linc of thought, new experimental approaches for single ion cavity

QED, and rotational statc spectroscopy for atomic and molecular ions, respectively.

For single ion cavity QED, becausce high fincesse cavities with close distance between
ions and cavity mirrors are required to recach strong coupling in a stable cavity mode,

two major challenges are considercd and addressed, respectively in this thesis.

In Chapter 3 and Chapter 4, cavity designs with axis oriented orthogonal to a
planar trap is presented. While a central aperture on the trap allows the ion to
interact with the cavity mode, the stray electric field noise can be shielded by the
trap electrode from the ion. Chapter 3 explores further experiment capabilitics of the
system such as quantum memory for photon number states with multiple ions in the

cavity. Chapter 4 focused on the detailed system design and implementation.
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In Chapter 5, a study on the cavity finesse change over time is studied. The
mechanism of cavity finesse decay is explored, and methods of preventing finesse

decay as well as recovering decay in-situ are presented.

For molecular ion rotational spectroscopy, quantum logic spectroscopy is pro-
posed in Chapter 6 and Chapter 7. By entangling cotrapped single molecular and
atomic ions, cooling, spectroscopy, and readout for the molecular ion states can all
be facilitated via the atomic ion. While Chapter 6 considers a general experimen-
tal protocol for quantum system lacking proper transitions like molecular rotations,
Chapter 7 studies the challenges of experimental implementation. In particular, in
the microwave regime, the challenges to realize entanglement with inefficient cou-
pling between molecule and phonon bus is addressed with the assistance of photon

resonator.

The investigations into these two directions allow us to discover new arcas where
the proposed experimental techniques can apply, and new questions we can investigate

with the implemented experimental apparatus.

The methods proposed in Chapter 7 to efficiently couple microwave transitions to
a phonon bus can be applied not only to rotational states of molecule, but all qubits
involving microwave transitions, such as the magnetic sublevels of atomic ions. This
allows for trap-integrated microwave to facilitate both qubit transitions and resolved |

sidcband cooling, and hence simply the dedicated laser system.

In Chapter 5, the fact that the cavity finesse can recover with 422 nm illumination
in oxygen implies that clectric ficld field can alter the relative potential depth for
oxygen in Oy and Tas,Os. This also suggest that with continuous laser illumination,
the the finesse decay can be suppressed in vacuum. Furthermore, the dependence of
frequency and illumination power can be investigated for a detailed study of color

center spectrum.
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Appendix A

Characterization of Fabry-Pérot

cavities

In this section we describe in detail the three techniques used in this thesis to charac-
terize Fabry-Pérot cavities: Lorentzian mapping (Chapterd), free decay (Chapter 5)
and ring down spectroscopy. In all approaches, the cavity transmission signal of an
incident laser beam is mecasured, the frequency of which is close to the cavity reso-
nance. For a cavity composed of two mirrors with field transmission, reflection,. and

scattering loss coefficient ¢; 2, 712 and [, 2, the cavity field transmittance 7 follows:

tltgew
1 — e2%ry1y

T = l (A1)

where ¢ = wlL/c is the field phase accumulated over the cavity length L. ¢ is the
speed of light in vacuum. The single mirror field cocfficients ¢; 2, 71 2, [1 2 and intensity

coefficients 772, R12, L2 are related by their modulo squares:
Tiz=ltel®, Riz=|r2l’,  Li2= a2l (A2)

which follow

T2+ Riz+ Liz = |tiaf’ + |raf® + Ll = 1. (A.3)
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Equation A.1 can be simplified to

2311631

(1 — 7‘17"2)2 =+ 4’1’17‘2 SiIl2 ¢

T = (A4)

Eq. A.4 manifests the periodic property of the trahsmittance spectrum, with a period-
icity f = F'SR = 2L/c, which is referred as the free spectrum range of the cavity. For
high reflectivity mirrors, ¢3,/r7, and {§,/r7, are both close zero. Therefore Eq. A.4
vanishes except at around the resonances where sin ¢ = 0. We thus expand sin ¢ ~ ¢,

which gives a Lorentzian form of the transmittance spectrum ncar the resonances:

2||¢2 £2||¢2
S B
(1 = rire)? +4rirad® (1 — ryme)? + dryro(L/c)2w?
for which the FWHM, in the lowest order of ¢, » and [ o, follows
c [l + [t + L + | c Ti+To+ L+ Lo
21 x FWHM = 27— = 27— A.
T EW "L o by o (A.6)

A unit free parameter that measures the resonator quality of a Fabry-Pérot cavity

is the finesse F, defined as

FSR -
F = Fwmr (&7)
which following our derivation above can also be written in the form
27
F = . A8
Ti+ T+ L+ L (A.8)

Eq. A.1 (and all the derived relations above) is the solution of Maxwell Equations
in the frequency domain. In the time domain, the intracavity and transmission fields

respond to the incident drive in an exponential form with a time constant
T.=k'=[2r x FWHM|™* = L/cr - F, (A.9)

following the inverse Fourier transform of the Eq. A.5.

To obtain the finesse or equivalently, the loss of a cavity, several techniques can
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be used.

A.1 Lorentzian mapping

One can scan either the laser frequency w or the cavity length L at a linear rate around
the resonances, and map out the Lorentizan profile of Eq. A.5. To calibrate the scan
rate!, a frequency modulation via an EOM is typically applied to the laser frequency
to provide sidebands around the transmittance peaks®. This technique requires the
scanning rate 7.,! to be slow enough to allow the fields to relax to equilibrium, and
fast enough so the cavity is mechanically stable during the scan. That is,

AR P A (A.10)

mch

where 7.}, = wpen /27 is the highest mechanical normal mode frequency of the cavity
assembly, which can sometimes be close to 100 kHz. This technique is therefore used
for cavities with 7! > 10 MHz. For cavities with longer cavity relaxation time,
finding a desired scanning rate can be difficult. Furthermore, this method requires
the incident laser to have a negligible linewidth. Otherwise the resultant spectrum
is a convolution between the two Lorentzian profiles. Unless the laser linewidth is

well-calibrated, systematic errors are added to the measurement.

A.2 Free decay spectroscopy

Unlike direct Lorentzian spectrum mapping, the free decay and ring down spec-
troscopy measures the cavity transient response, which we describe in this and next

section, respectively.

1 The FWHM’s of high finesse cavities are typically on the order of a few MHz, which hit the
resolution limit (10MHz) of most wave meters for laboratory use. A wider frequency scan typically
result in less sampling within the resonance peaks, giving undesirable SNR’s

2 The mathematical details can be found in Ref. [Bla01]
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The free decay spectroscopy measures the cavity transmission when the incident
laser is switched off adiabatically, i.e. at a rate much faster than 77!, The transmitted
intensity thus follows

I(t) = Ie /™, (A.11)

where [y is the ficld intensity measured at the incidence the laser is switched off. The
cavity rclaxation constant 7, can thus be obtained by fitting the exponential decay.
Compared to direct spectrum mapping, the cavity free decay measurement does not

require a frequency scanning rate satisfying Eq. A.10, so long as Tfl

—on < 771 Because
no scan is involved in the measurement, the laser line width does not add complexity
to the experiment. Nonetheless, detectors (e.g. APD’s) and laser-switching (via AOM

or direct laser current switching) must be faster than the cavity decay rate ..

A.3 Ring down spectroscopy

The cavity ring down spectroscopy measures the cavity transmission signal when the
laser frequency or cavity length is scanned at a comparable rate with 771, According

to Ref. [PBVL97], in the case of scanning cavity length, the spectrum of decay follows

1 — erfz [1——_—1 (@ — -‘\/;(t - tO))]

_ 4 T mFSR® 4
T=A e 575 \Fva

. 4R1R2 a

2
+ B,
(A.12)

where A, B and t, arc scaling factors. a is the frequency scanning speed, which has

unit s72. the function erfz is the generalized error function for complex numbers. In
contrast to slow scans where the cavity transmission is always in cquilibrium, or fast
laser laser switching so the cavity responds adiabatically, in the intermediate regime,
the transmission signal has two unique features: (i) a decay tail e #(¢~%) that captures
the drive ficld cut-off since the incident laser has moved out of resonance, and (ii)
interference fringes captured by the error function, since the circulating fields exit the

cavity with different phascs.
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Appendix B

Separation of molecular rotational

dynamics from full Hamiltonian

We consider the dynamics of a diatomic molecule, and under rcasonable approxima-
tions, aim to reduce its rotational motion from the full nuclear motion Hamiltonian,

which as a whole will be separated from that of the clectrons.

B.1 Born-Oppenheimer approximation

The treatment of nuclear dynamics in scparation with the electrons comes from the
Born-Oppenheimer approximation, which is formulated in three steps to solve the
full molecular dynamics, described by the Hamiltonian H(r;, R,) for wave function

YE(r;, Ry) with cigen energy E:
H(r:, Ra)¥e(ri, Ra) = EYp(r;, Ra), (B.1)

where r; and R, index the coordinates of the i*® clectron and o nucleus of the

molecule, respectively.

The first step is to consider the nuclei as infinitely massive as compared to the

clectrons, and hence fixed in position R,. Then the clectron dynamics follows that of
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the nuclei, and evolves adiabatically. The H(r;, R,,) reduces to the so-called clectronic

Hamiltonian:

He(riy Ra) = Te(rz) + Vee(ri) + V;rn(ri: R(,), (BQ)

with T.(r;), Vee(r;), and V,(r;, Ra) describing the energics due to electronic kinetic
motion, clectron-electron interaction, and clectron nuclear interaction, respectively.
The corresponding electronic Schrédinger Equation is then solved for the energy levels

E¢(Rq) and cigen states ¥£(r;, Rq) following
He(riy RQ)/wE(riv Ra) = ngg(ria Ra)7 (BB)

where £ is used to index the set of quantum numbers for the cigen states.

Step two in the formalism then involves the solution of the nuclear motions. For
cach electronic eigen states solved in the previous step, the nulcear Schrodinger equa-
tion follows

H'(Ra)V2 (Ra) = el (Ra), (B.4)

where

H*(Ra) = Tu(Ra) + Vin(Ra) + E¢(Ry). (B.5)

T,.(Re) and V,,,,(R,,) denote the nuclear kinetic and interaction energics, respectively.
Ee¢, denotes the cigen energy in Eq. B.1, with ¢ and v indexing the quantum numbers

for clectron and nuclear motion, respectively.

Finally in last step of Born-Oppenheimer approximation, the total wave function

for the full molecular dynamics is combined, resulting in
Yeu(ri, Ra) = ¥¢(ri, Ra)yg, (Ra). ‘ (B.6)

Since we are interested in the nuclear motion, we focus on further decomposing
Eq. B.4 in the next section. In particular, we focus our derivation for the electronic
ground state, which for most diatomic molecules is in a 'Y configuration [BC03,

GC84, MAML76|. Electronic angular momentum in such case vanishes, meaning no
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magnetic dipole interactions in V,, needs to be considered in Eq. B.2.

B.2 Nuclear motion

The kinetic part of nuclear Hamiltonian 7,,(R,) in Eq. B.4 can be decomposed to that
of the center of motion T, (R.) and that of the molecular relative motion T,,.(R,),

resulting in
H*"(Ra) = T (Re) + T (R;) + Vi (Ry) + E{(R,) = T, (R.) + H7(R,), (B.7)

with the relative motion Hamiltonian H?(R.,) defined as
HAR,) = T, (Ry) + Vn(R,) + EX(R,) (B.5)

where with two explicit indices in the nuclear coordinates R, = R,, Ry, we defined

the center of mass and relative coordinate R, and R, respectively as

R‘C = (Ra + Rb)/27 (Bg)
R, = R,—R,. (B.10)

This scparation then manifests a wave function 'ngu(Ra) of the from

V5, (Ra) = Ygs (Re)vs (Ra) (B.11)

The kinetic part of the relative motion Hamiltonian 7, (R,) can be expressed

explicitly in spherical coordinates:

R, 1L?

1., =—5= 5o
(R) o B + 2 uR?

(B.12)

where in the first term, R, = |R,|, and p is the reduced mass of the diatomic molecule,

161



with 1 = piepis/ (e + ). The rotational kinetics is described by the second term. L?

is the total angular momentum operator (see, e.g. Eq. 2.18 in [MAMLT76]).

B.3 Rotational states

A so-called rigid rotor approximation is usually made in order to further separate the
rotational motion from Eq. B.12. Assuming the inter-nuclei distance R, is fixed (take
its equilibrium distance as Ry), the rotational motion described in Eq. B.12 can thus
be decoupled from the radial (vibrational) motion, and reduces to

L’ L?

- (B.13)

1
Heot (0, @) = é‘;ﬁg o0y’

where Iy = pR2 is the moment of incrtia of the rotor. The cigen states of Eq. B.13 are
the spherical harmonics Yy, (0, ¢), where J and m arc the angular momentum and
magnetic quantum numbers of the rotational motion, respectively, and the cnergy

levels follow

Hmty}v""u] (6’ ¢) = ESOt}":].mJ (6’ ¢)* (Bli)

where E7* = hC' = h- Z—T}g.] (J+1). The constant C' is usually referred as the rotational

constant of molecules.
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