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Abstract

Integrated-photonics-based architectures for trapped-ion systems offer a potential av-
enue for improved fidelity and addressability of ion arrays. Motional state cooling, a
key optical function in trapped-ion systems, however, has been limited to Doppler
and resolved-sideband cooling in integrated-photonics-based implementations. In
contrast, polarization-gradient and electromagnetically-induced-transparency cooling
can offer better cooling performance in multi-ion systems, but have not been demon-
strated on an integrated-photonics platform. This thesis demonstrates key integrated-
photonics devices and architectures to enable enhanced laser cooling of integrated
trapped-ion systems.

First, we develop the framework for two advanced trapped-ion cooling schemes,
polarization-gradient and electromagnetically-induced-transparency cooling. Then,
we present the design of key integrated devices enabling the proposed system ar-
chitectures. First, we show the design and experimental demonstration of the first
integrated polarization splitters and rotators at blue wavelengths. We develop com-
pact and efficient designs for both a polarization splitter and rotator at a 422-nm
wavelength, an important transition for ®Sr™ ions. These devices are fabricated in
a 200-mm wafer-scale process and experimental results are demonstrated. Next, we
present the design and experimental demonstration of the first pair of integrated TE-
and TM-emitting gratings at a wavelength of 422 nm to enable polarization-diverse
operations for integrated-photonics-based trapped-ion systems. The development of
both the devices and architectures for advanced cooling schemes presented in this
thesis paves the way for sophisticated integrated control for trapped-ion and neutral-
atom systems.
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Chapter 1

Introduction

1.1 Introduction to Integrated Photonics for

Trapped-Ion Systems

Systems of trapped ions are a promising modality for quantum information processing
due to their long coherence times and strong ion-ion interactions, which enable high-
fidelity two-qubit gates [1]. Most current implementations, however, are comprised
of complex free-space optical systems whose large size and susceptibility to vibra-
tions and drift can limit fidelity and addressability of ion arrays, hindering scaling to
large numbers of qubits. Recent works based on integrated photonic devices offer a

potential avenue to address many of these challenges |1-9].

Typical integrated realization of trapped-ion systems consists of using integrated
surface electrodes to form a linear-ion-trap geometry, where a radiofrequency oscil-
lating electric field is applied to trap the ion radially in two dimensions, while a DC
electric field traps the ions axially in the third dimension [1|. Underneath the trap elec-
trodes, photonic devices route and control the optical fields necessary for trapped-ion
state preparation, control, and readout. Wavelengths of interest span from ultraviolet
(UV) to infrared (IR), which necessitates low-loss platforms for a wide range of wave-
lengths [10]. To interface with the ion, photonic gratings emit light vertically towards

the ion. An example integrated-photonics trapped-ion system is demonstrated in [2]

15



(Fig. , consisting of light of different wavelengths coupled on chip using a fiber
array, routed using a single-mode waveguides, and emitting vertically to interface

with the ion using focusing gratings.

Fibre-array block

Figure 1.1: An example integrated-photonic trapped-ion system, consisting of light
of four different wavelengths coupled on-chip using a fiber array, routed using single-
mode waveguides, and emitting vertically using focusing grating couplers. Figure
taken from .

While integrated-photonic control of trapped ions have been demonstrated, mo-
tional state cooling, a key optical function in trapped-ion systems, has been limited to
Doppler and resolved-sideband cooling in integrated-photonics-based solutions ,.
However, polarization-gradient (PG) and electromagnetically-induced-transparency
(EIT) cooling can offer better cooling performance in multi-ion systems, where sub-
Doppler temperatures in several non-degenerate modes are desirable. While free-space
demonstrations of these cooling schemes have been shown ,, each having an ad-
vantage for differing applications, integrated versions of these systems have not yet

been realized.

1.2 Thesis Overview

This thesis demonstrates key integrated-photonics devices and architectures to enable
enhanced laser cooling of integrated trapped-ion systems.
In Chapter[2] we propose integrated-photonics-based system architectures and the

design of key integrated photonic components for both PG and EIT cooling of trapped
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ions. Specifically, we design the systems for a wavelength of 422 nm to target the S;
to Py o transition of #Sr™, a commonly used ion species for trapped-ion qubits.
Next, in Chapter [3, we present the design and experimental demonstration of
the first integrated polarization splitters and rotators at blue wavelengths, which
enable the polarization diversity required by the proposed PG and EIT cooling sys-
tems. We design and fabricate for the challenging wavelength of 422 nm. To realize
visible-wavelength polarization diversity, the polarization splitter uses an asymmetric-
directional-coupler design to split the polarizations efficiently and compactly. The
polarization rotator uses a mode-coupling design, which has the advantage of being
able to rotate the polarization in a compact length. Next, these devices are fabri-
cated using the MIT Lincoln Laboratory 200-mm wafer-scale process for trapped-ion
applications, consisting of one layer of alumina and two layers of silicon nitride with
a silicon-dioxide cladding. Finally, the performance of the devices is experimen-
tally demonstrated, resulting in a measured polarization-splitter transverse-electric
(TE) thru-port coupling of 98.0% and transverse-magnetic (TM) tap-port coupling
of 77.6% for a compact length of 16 pm and a polarization-rotator conversion effi-
ciency of 92.2% for a compact length of 111 pm. This work paves the way for more
sophisticated integrated control of trapped-ion and neutral-atom quantum systems.
Finally, in Chapter [4, we present the design and experimental demonstration of
a pair of integrated TE- and TM-emitting gratings with an operating wavelength of
422 nm, another vital set of devices for realizing PG and EIT cooling schemes. We
implement a custom optimization-based design algorithm to realize bilayer, apodized,
and curved gratings that emit unidirectional focused beams, with experimentally
measured spot dimensions of 7.6 pm by 4.3 pm for the TE grating and 5.0 pm by
3.6 nm for the TM grating at a target ion height of 50 pm above the surface of the
chip. This work represents, to the best of our knowledge, the first development of
integrated TM-emitting gratings for trapped-ion systems, and, thus, a fundamental
stepping stone on the path to advanced operations for integrated-photonics-based

trapped-ion quantum systems involving multiple polarizations.
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Chapter 2

Integrated-Photonics-Based
Architectures for Advanced Cooling

of Trapped Ions

The following work was done in collaboration Sabrina Corsetti (MIT), Tal Sneh
(MIT), Milica Notaros (MIT), Reuel Swint (MIT Lincoln Laboratory), Patrick T.
Callahan (MIT Lincoln Laboratory), Colin D. Bruzewicz (MIT Lincoln Laboratory),
Felix Knollmann (MIT), Robert McConnell (MIT Lincoln Laboratory), John Chi-
averini (MIT Lincoln Laboratory), and Jelena Notaros (MIT). This work has been
published in [13].

2.1 Introduction

As discussed in Chapter [} systems of trapped ions are a promising modality for
quantum information processing due to their long coherence times and strong ion-ion
interactions, which enable high-fidelity two-qubit gates [1]. Most current implemen-
tations are comprised of complex free-space optical systems, whose large size and
susceptibility to vibrations and drift can limit fidelity and addressability of ion ar-
rays, hindering scaling to large numbers of qubits. Recent works based on integrated

photonic devices offer a potential avenue to address many of these challenges [1H9].
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Motional state cooling is a key optical function in trapped-ion systems. To date,
integrated-photonics-based cooling demonstrations have been limited to Doppler and
resolved-sideband cooling [2,3]. However, polarization-gradient (PG) and electro-
magnetically-induced-transparency (EIT) cooling can offer better cooling performance
in multi-ion systems, where sub-Doppler temperatures in several non-degenerate modes
are desirable. While free-space demonstrations of these cooling schemes have been
shown ,7 each having an advantage for differing applications, integrated versions
of these systems have not yet been realized.

In this chapter, we propose integrated-photonics-based system architectures and
the design of key integrated photonic components for both PG and EIT cooling of
trapped ions (conceptual diagram shown in Fig. [2.1)). Specifically, we design the
systems for a wavelength of 422 nm to target the S;/; to P/ transition of 8Srt a

commonly used ion species for trapped-ion qubits.

Conceptual Diagram

Figure 2.1: Conceptual diagram of the integrated PG-cooling system.

2.2 Integrated-Photonics-Based System Architectures
for Trapped-Ion Cooling

We leverage a 200-mm wafer-scale visible-wavelength process developed at MIT Lin-
coln Laboratory to enable low-loss waveguide fabrication over a wavelength range
relevant to commonly used ion species . The platform consists of two bottom lay-

ers of 100-nm-thick silicon nitride (SizN,) and an upper layer of 100-nm-thick alumina
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(Al,O3) separated by 90 nm of silicon dioxide (SiO3). A top metal layer is etched to
create linear-ion-trap electrodes that confine ions 50 um above the trap surface via

radio-frequency and DC voltages |1].

2.2.1 Polarization-Gradient-Cooling System Architecture

Trapped ions located in a suitable laser-polarization gradient can achieve sub-Doppler
temperatures due to the preferential scattering of cooling photons in a spatially-
varying, state-dependent energy potential [11]. Appropriate polarization gradients
can be realized on-chip using different configurations of integrated grating couplers;
for example, two transverse-electric (TE) gratings placed orthogonal to each other
(TE-TE), a TE and transverse-magnetic (TM) grating placed opposite to each other
(TE-TM), or two TM gratings placed opposite to each other (TM-TM) all suffice.
The simulated emission profiles for gratings specifically designed for TE and TM are
shown in Fig. (introduced in detail in Chapter . Both gratings are designed to
match intensity and focus near the ion at an angle of 45°, maximizing intensity at the
ion location. More information on the design and experimental results of TE and TM
gratings for PG and EIT cooling can be found in Chapter [d In all three polarization
configurations, light is routed to these gratings via two separate inverse-taper edge
couplers and a combination of 650-nm-wide alumina waveguides, 300-nm-wide dual-
layer silicon-nitride waveguides, and vertical transitions between layers. The final

proposed architectures for PG cooling are shown in Fig. 2.2h-b.

2.2.2 EIT-Cooling System Architecture

EIT cooling enables near ground-state cooling over a wide frequency range by sup-
pressing unwanted heating mechanisms otherwise incurred during laser cooling. Previ-
ous free-space demonstrations have relied on two appropriately-polarized laser sources
(one circular and one linear) to create the desired laser absorption profile |12].

Fig. depicts integrated realization of both the circular and linear sources. To

generate the circularly polarized source, light is coupled on chip via an inverse-taper
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(a) TE-TM or TM-TM PGC Schematic (b) TE-TE PGC Schematic
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Figure 2.2: Simplified schematics showing the proposed integrated-photonics-based
architectures for (a) TE-TM or TM-TM PG cooling and (b) TE-TE PG cooling (not

to scale).
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Figure 2.3: Simulated emission profiles for the (a) TE grating and (b) TM grating,
showing focusing near the height of the ion.
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Figure 2.4: Simplified schematics showing the proposed integrated-photonics-based
architectures for EIT cooling (not to scale).
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edge coupler to an alumina waveguide. Next, the light is split evenly into two arms
using a 32.2-pm-long 1x2 alumina multi-mode interferometer (MMI) ; simulated
efficiency as a function of device length for the MMI is shown in Fig. 2.5h. In the
upper arm, the light is transitioned to single-layer silicon nitride. Then, the waveguide
is adiabatically widened for a given length, forming a phase bump to impart a 90°
phase shift ; simulated phase as a function of bump width is shown in Fig. [2.5b.
After passing through the phase bump, the light is transitioned to dual-layer nitride.
There, it goes through an off-axis polarization rotator, which rotates the incoming
light from TE to TM (introduced in detail in Chapter ; the conversion efficiency as
a function of device length can be seen in Fig. [2.5c, with a peak simulated conversion
efficiency of 99.15% . More information on the design and experimental results
of polarization control devices for PG and EIT cooling can be found in Chapter [3|
Finally, the TM light in the upper arm is emitted via a TM grating. In the lower arm
from the MMI, the TE light is transitioned to dual-layer nitride and is emitted via
a TE grating. The two gratings in each arm are angled so that the beams combine
and form approximately circularly polarized light at the ion location. The linear
TM input is coupled on-chip from an inverse-taper edge coupler into an alumina
waveguide. Next, it is transitioned to dual-layer silicon nitride, where it emits from a
focusing TM grating placed opposite to the circularly polarized source, thus enabling

EIT cooling.

0 (a) TE MMI (b) Phase Bump 1 (¢) Polarization Rotator
3 ‘ —TI{I‘
2
—_ =572 208
g £, 2
: g 27 £06
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Figure 2.5: (a) Simulated MMI efficiency as a function of MMI length (inset shows
device schematic). (b) Simulated phase delay as a function of phase bump width
(inset shows device schematic). (c) Simulated conversion efficiency of the off-axis
polarization rotator with TE in red and TM in blue (inset shows device schematic).
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2.3 Conclusion

In this chapter, we have developed a framework for two advanced trapped-ion cool-
ing schemes, PG and EIT, using a visible-wavelength silicon-photonics platform at
422 nm. We have also developed designs of key integrated-photonics components
required to realize these architectures. This approach provides a scalable platform
that promises more rapid cooling of multiple vibrational modes when compared to
previously shown integrated approaches. Additionally, these approaches should be

applicable to neutral-atom laser cooling when tailored to other wavelengths.
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Chapter 3

Integrated Visible-Light Polarization
Rotators and Splitters for Atomic

Quantum Systems

The following work was done in collaboration with Tal Sneh (MIT), Milica Notaros
(MIT), Sabrina Corsetti (MIT), Patrick T. Callahan (Lincoln Laboratory), John Chi-
averini (Lincoln Laboratory), and Jelena Notaros (MIT). This work has been pub-
lished in [17].

3.1 Introduction

Polarization control plays an important role in silicon-photonics systems, as it en-
hances functionality on chip, such as increased channel density for communications
and improved performance for polarization-sensitive devices |18}|19]. For this reason,
extensive research has been devoted to the development of integrated polarization-
control devices, namely, polarization rotators and splitters. Polarization splitters are
a vital component for separating or combining polarizations on chip; in prior work,
integrated polarization splitters have been demonstrated using mode-evolution de-
vices [20], asymmetric directional couplers |21},22], higher-order-mode-assisted direc-

tional couplers [23], multi-mode interferometers [24], and asymmetric Mach-Zehnder
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interferometers [25]. Polarization rotators, another vital component for polarization
diversity, enable rotation from an input polarization to an orthogonal output po-
larization; in prior work, integrated polarization rotators have been demonstrated
using mode evolution [19], adiabatic mode conversion [23,26], and mode coupling
devices [27,28|. Additionally, the combination of the two has also been demonstrated
in integrated rotator-splitter configurations, which consist of splitting orthogonal po-

larizations and rotating one polarization to match the other [29-31].

However, most demonstrations of integrated polarization-control devices have
been limited to telecom wavelengths. Nevertheless, the recent emergence of integrated-
photonics technologies at visible wavelengths opens an entirely new field for polariza-
tion control. For example, applications such as underwater communications, quan-
tum networks, and atomic technologies greatly benefit from the reduced size and
complexity of integrated photonics [2,|3,32-34] but require polarization diversity at
visible wavelengths. In particular, atomic technologies benefit from the scalability
and inherent stability of integrated photonics [2,3}[35,36]; polarization-control de-
vices would greatly enhance on-chip functionality for atomic systems, such as ad-
vanced cooling schemes for trapped ions [13| or polarization-sensitive operations for
neutral atoms [23,35,36]. However, polarization-control devices are difficult to realize
at visible wavelengths due to device scaling with wavelength, as moving to shorter
wavelengths causes device size to shrink, resulting in feature sizes that approach the

limits of fabrication capabilities.

In this work, we design and experimentally demonstrate the first integrated po-
larization splitters and rotators at blue wavelengths. We design and fabricate for the
challenging wavelength of 422 nm, an important transition for 8¥Sr* ions. To realize
visible-wavelength polarization diversity, the polarization splitter uses an asymmetric-
directional-coupler design to split the polarizations efficiently and compactly. The
polarization rotator uses a mode-coupling design, which has the advantage of being
able to rotate the polarization in a compact length. Next, these devices are fabri-
cated using the MIT Lincoln Laboratory 200-mm wafer-scale process for trapped-ion

applications, consisting of one layer of alumina and two layers of silicon nitride with
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a silicon-dioxide cladding. Finally, the performance of the devices is experimen-
tally demonstrated, resulting in a measured polarization-splitter transverse-electric
(TE) thru-port coupling of 98.0% and transverse-magnetic (TM) tap-port coupling
of 77.6% for a compact length of 16 pm, and a polarization-rotator conversion effi-
ciency of 92.2% for a compact length of 111 pm. This work paves the way for more

sophisticated integrated control of trapped-ion and neutral-atom quantum systems.

3.2 Polarization Splitter Design

The devices in this work were designed for compatibility with the MIT Lincoln Lab-
oratory 200-mm wafer-scale fabrication process for wavelengths spanning from ul-
traviolet to near infrared for trapped-ion applications [10]. The stack consists of a
100-nm-thick alumina layer and two 100-nm-thick silicon-nitride layers separated by
90 nm of silicon dioxide. The devices were designed for an operating wavelength
of 422 nm to target the Si/5 to Py transition of ®¥Sr*, a commonly used species
for trapped-ion qubits. While these devices were specifically designed for 422 nm,
the designs in this work are easily extendable to any wavelength of interest for both
trapped ions and neutral atoms.

First, we design an integrated polarization splitter, which splits orthogonal po-
larizations from a single waveguide into two separate output ports. Specifically, we
use an asymmetric directional coupler scheme due to its compact length [21,22]. An
asymmetric directional coupler typically consists of one regular rectangular waveguide
and a second unconventional waveguide that breaks the symmetry of the system, such
as a sub-wavelength-grating waveguide or a nano-slot waveguide [21,22|. By correctly
tuning the geometric parameters, the effective indices of the thru and tap waveguides
can be matched for one polarization but not the other, allowing power transfer to
only occur for one polarization.

Here, we use the two layers of nitride available in our platform to generate the
asymmetry that enables polarization splitting. We design the thru-port waveguide

to be a standard rectangular waveguide in a single layer of nitride and the tap-port
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Polarization Splitter Schematic
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Figure 3.1: Integrated polarization splitter device schematic and cross section (not to
scale), showing critical dimensions for polarization splitting.

waveguide to be a dual-layer waveguide consisting of two vertically-stacked nitride
layers. Fig. shows the geometry of the polarization splitter, with the single-
layer and dual-layer nitride waveguides placed side-by-side with a gap of 200 nm.
By changing the widths of the tap and thru waveguides, the effective indices can be
matched for the TM mode, but not the TE mode (Fig. [3.2). Fig. shows the
difference between the effective indices of the thru and tap waveguides for both the
TM and TE polarizations (simulated using Lumerical MODE). Using these plots, we
can choose the tap and thru waveguide widths such that the difference in the effective
indices is minimized for the TM polarization. Here, we choose a single-layer nitride
waveguide width of 370 nm and a dual-layer nitride waveguide width of 200 nm, with
a gap between the two waveguides of 200 nm, such that we achieve a balance between
the resulting required coupling length while maintaining reasonable dimensions for
fabrication. This yields a Angg of 0.0012 for TM and a larger Aneg of 0.0355 for
TE, enabling strong coupling between the thru and tap waveguides for only the TM

mode.

Next, for the chosen device cross section, we choose the optimal coupling length for

full power transfer. Fig. shows the transmission for both the TE and TM modes

29



TE and TM Mode Profiles for Thru and Tap Waveguides

TE Thru TM Thru TE Tap T™M Tap

Figure 3.2: Simulated TE and TM mode profiles for the thru and tap waveguides,
showing mode effective index matching for the TM modes but not the TE modes.
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Figure 3.3: Simulated difference in effective indices between the thru and the tap
waveguide modes as a function of the tap and thru waveguide widths for the TM
(left) and TE (right) polarizations (with white circles marking the chosen operating
point).

in the thru and tap ports as a function of coupling length (simulated using Lumerical
FDTD). Note that bends are included in the design to bring the waveguides into and
out of the interaction region, as shown in Fig. 3.1 A coupling length of 16 pm gives
peak power transfer for a 370-nm-wide thru waveguide, 200-nm-wide tap waveguide,
and 200-nm gap. The peak power transfer efficiency from the thru to tap port of the
TM mode is 98.6%. The TE power transfer to the tap port remains minimal at the
designed coupling length, with a low 1.1% coupling to the tap port.
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Polarization Splitter Mode Transmission
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Figure 3.4: Simulated TE (red) and TM (blue) mode transmission as a function of

coupling length for a polarization splitter with 370-nm-thru width and a 200-nm-tap
width.

3.3 Polarization Rotator Designs

3.3.1 Off-Axis Polarization Rotator Design

Second, we design an integrated polarization rotator. Specifically, we use a mode-
coupling polarization rotator scheme (also called an off-axis polarization rotator in
this work) due to its ability to rotate polarizations within short lengths [27,28]. In
a mode-coupling polarization rotator, an asymmetric index profile creates supported
orthogonal eigenmodes with polarization axes at +45 degrees with respect to the
substrate [27,28|. Therefore, incident light with either TE- or TM-polarization excites
both eigenmodes equally. An interaction length that induces a m phase shift between
the two eigenmodes will then cause a 90° rotation of the input polarization [27,28§].
Here, we leverage the two layers of nitride in our platform, combined with a lat-
eral offset between layers, to create the asymmetric index profile needed to induce
polarization rotation (Fig. [3.6). Fig. shows, as a function of waveguide width
and offset, the fraction of TE polarization in the rotation region, defined as the TE

polarization fraction (simulated using Lumerical MODE). A TE polarization fraction
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Off-Axis Polarization Rotator Schematic
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Figure 3.5: Integrated off-axis polarization rotator device schematic and cross section
(not to scale), showing critical dimensions for polarization rotation.

of 50% creates the two orthogonal eigenmodes desired for rotation. The plot shows
that, for this short wavelength, small feature sizes are needed to achieve polarization
rotation, making design of these polarization rotators at visible wavelengths a chal-
lenge. A waveguide width of 110 nm for both layers and an 85-nm lateral offset is
chosen to yield a TE polarization fraction of 50%.

(a) Supported Mode Profiles (b) TE Polarization Fraction for Mode 2

50%

1 40%
%
20%
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Figure 3.6: (a) Simulated mode profiles for the two £45° polarized eigenmodes in the
interaction region. (b) Simulated TE polarization fraction for the second supported
mode as a function of waveguide width and offset (with white circles marking the
chosen operating point).
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To excite the eigenmodes equally in the rotation region, the transition into the

rotation region must be abrupt. However, abrupt transitions cause reflection loss.
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Tapers can be introduced to decrease the reflection loss; however, the length of the
tapers must be short enough that they do not adiabatically transform the input
mode, as this will, in general, lead to unequal excitation of the two modes. Here,
taper lengths of 5 pm are chosen to balance reflection losses from abrupt transitions
without adiabatically transforming the mode. Next, for the chosen device cross section
and taper length, we determine the optimal interaction region length. Fig. [3.7 shows
a sweep of the interaction region length for the designed waveguide width and offset
(simulated using Lumerical FDTD). An interaction region length of 71 pm gives the
peak polarization conversion for a device with 110-nm waveguides and an 85-nm
offset. Including the tapers, the total device length is 111 pm and yields a theoretical
TE-to-TM conversion efficiency of 99.2%.

Off-Axis Polarization Rotator Mode Qutput
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Interaction Region Length (um)
Figure 3.7: Simulated TE (red) and TM (blue) mode outputs with a TE input as a

function of interaction region length for a polarization rotator with 110-nm-waveguide
width and 85-nm-waveguide offset.

3.3.2 Adiabatic Polarization Rotator Design

Another method for polarization rotation is to use adiabatic mode conversion between

the higher-order TE and fundamental TM modes. Adiabatic polarization rotators
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have the advantage of being more broadband and fabrication tolerant compared to
mode-coupling polarization rotators at the expense of longer lengths [19,23/26,31|. For
devices that have a vertically-asymmetric index profile, such as an air cladding or a rib
etch, an anti-crossing occurs in the effective index curves as a function of waveguide
width between the first higher-order TE mode (TE;q) and the fundamental TM mode
(TMgo) [26]. The modes in this region are hybridized, transforming TEo to TM as
the waveguide width is changed adiabatically. Typically, polarization rotators convert
between the two fundamental modes (TEgy and TMgg), so an asymmetric directional
coupler, a higher-order mode converter, or a mode evolution device can first be used

to convert the TE;y mode to the TEy mode [23,126,31].

Adiabatic Polarization Rotator Schematic
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Figure 3.8: Integrated adiabatic polarization rotator device schematic and cross sec-
tions (not to scale), showing critical dimensions for polarization rotation.

For this device, for the TEyy to TE;o conversion, we use an asymmetric directional
coupler due to its compact length. Coupling occurs between the two modes when the
effective indices of the TEy, mode in the thru waveguide and the TE;; mode in the
tap waveguide match. Fig. shows the difference between the effective indices
of the TEy mode in the thru waveguide and the TE;y mode in the tap waveguide.
Using this plot, the waveguide widths for the thru and tap port are chosen to be 408
nm and 900 nm, respectively, to optimize this match. This yields a An.g of 0.00011
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Adiabatic Rotator Mode Profiles
TE,, TE,, T™M,,

Figure 3.9: Simulated mode profiles for the TEy, mode in the thru waveguide of the
coupler region, TE;g mode in the tap waveguide of the coupler region, and TMyg
mode at the output of the device.

between the TEy, and TE;y modes. To determine the optimal coupling length, bends
are introduced, and the coupler length is swept. Fig. [3.10b shows a peak coupling of
99.9% at a length of 94.4 nm.
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Figure 3.10: (a) Simulated difference in effective indices for the TEq, mode in the
thru waveguide and the TE;y mode in the tap waveguide (with white circle marking
the chosen operating point); coupling occurs when the difference approaches zero. (b)
Simulated TE;p-mode transmission to the thru port as a function of coupling length
for the TEq to TEjy coupler with thru and tap waveguide widths of 408 nm and 900
nm, respectively.

Next, to convert between the TE;y and TMg, modes, we generate an asymmetric

index profile by introducing a second waveguide above the adiabatic taper region.
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Fig. |3.11] shows the effective indices for the TE;q and TMy, modes as a function of
waveguide width. In this device, the anti-crossing where mode hybridization occurs
is around a 780-nm waveguide width. By taking advantage of this anti-crossing and
varying the waveguide width adiabatically along the length of the taper, the polariza-
tion can be rotated. The mode is most sensitive around the anti-crossing and, for this
reason, the waveguide width must be changed very slowly around the anti-crossing
point. To reach the anti-crossing region, however, shorter tapers on either side of the
anti-crossing point can be introduced to convert the mode to the desired spot size,

which allows the rotator length to be more compact.
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Figure 3.11: Simulated effective index anti-crossing behavior as a function of bottom
waveguide width.

Next, the length of the adiabatic taper region is swept, assuming 50-pm-long spot-
size converters are used. Fig. shows the TE;y to TMgy conversion efficiency as a
function of the adiabatic taper length. Since this is an adiabatic device, longer taper
lengths achieve higher conversion efficiencies. An adiabatic taper length of 350 pm is
chosen. The final device design consists of a TEy to TE o and a TE;y to TMy, mode
converter, with a simulated conversion efficiency of 93.5% and a total device length

of 550nm.
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Adiabatic Rotator Transmission
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Figure 3.12: Simulated TMyp-mode transmission of the adiabatic polarization rotator
as a function of adiabatic taper length.

3.4 Polarization Splitter Experimental Results

Next, we fabricated the polarization splitter and the off-axis polarization rotator using
the MIT Lincoln Laboratory 200-mm wafer-scale fabrication process for wavelengths
spanning from ultraviolet to near infrared for trapped-ion applications, mentioned
above. The stack consists of a 100-nm-thick alumina layer and two 100-nm-thick
silicon-nitride layers separated by 90 nm of silicon dioxide. Further platform details
are provided in [10]. The fabricated polarization splitter can be seen in Fig. [3.13]
which show the dark-field micrograph of the fabricated integrated polarization split-

ter.

First, to characterize the fabricated integrated polarization splitter, we couple
423.4-nm-wavelength light from a laser diode onto the chip using single-mode fiber.
We use polarization paddles to tune the input polarization, and we couple light off the
chip using a single-mode fiber to an optical detector (Fig. [3.14b). The performance
of the device is measured by first setting the input polarization to TE and measuring

the optical power in both the thru and tap ports. Then, the input polarization is set
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to TM, and both the thru and tap ports are measured again.

Polarization Splitter Micrograph

Figure 3.13: Dark-field micrograph of the fabricated integrated polarization splitter.
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Figure 3.14: (a) Photograph of the measurement setup, consisting of blue laser light
from a laser diode coupled on and off the chip using single-mode fibers. (b) Setup
diagram for the polarization-splitter measurements.

The performance of the splitter for both polarizations and ports is shown in Fig.
We fabricated five variations of the device, where the waveguide widths were
varied from the nominal design dimensions; both the thru and tap waveguide widths
vary by the same amount, while the size of the gap changes with the size of the
waveguides. For each variant of the device, we measured the thru and tap ports for
both polarizations. For each polarization, we normalize the thru and tap port powers
to the total power at the output to account for polarization-dependent losses. The
peak TM coupling was measured to be 77.6% to the tap port (and 22.4% to the thru
port). The TE coupling was measured to be 98.0% to the thru port (and 2.0% to the

tap port). Note that the measurement of the TE extinction of the device was limited
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by the local noise floor of the measurement. We attribute the difference between the
expected simulated and the experimentally demonstrated TM coupling to fabrication

variations.
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Figure 3.15: Experimental polarization-splitter transmission into the thru and tap
ports for TE (red) and TM (blue) polarization as a function of waveguide width
variation.

This device demonstrates successful splitting, with a TM coupling of 77.6% to
the tap port, with a minimal TE coupling of 2.0% to the tap port, for a compact
length of only 16 pm. This result represents the first demonstration of an integrated

polarization splitter at blue wavelengths.

3.5 Off-Axis Polarization Rotator Experimental Re-

sults

Second, to characterize the fabricated integrated off-axis polarization rotator (Fig.
, we use an experimental setup with a very similar configuration to the setup
described in Section [3.4] with a few modifications. On the output, the output fiber
is connected to a fiber-based polarizing beam splitter (PBS), which splits the polar-
izations of the incoming light into two orthogonal outputs (Fig. . Additionally,
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polarization paddles are used on the output to align the on-chip TE and TM axes
to the PBS axes. To measure the device, first, the input polarization is set to TE
using a polarization-sensitive grating emitter. Then, light is coupled on and off the
chip through a straight waveguide, and the outcoupled TE light is used to align the
output polarization paddles to the axes of the PBS. Then, the performance of the
on-chip rotator is measured by inputting TE light into the device and recording the

measured optical power outputs at the TE and TM ports of the PBS.

Off-Axis Polarization Rotator Micrograph

Figure 3.16: Dark-field micrograph of the fabricated integrated off-axis polarization
rotator.
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Figure 3.17: Setup diagram for the polarization-rotator measurements.
The performance of the polarization rotator is shown in Fig. [3.18, Fig. |3.18p
shows the power in the TE and TM polarizations at the output of the device as a

function of waveguide width (six variations of the device were fabricated with waveg-

uide widths varied from the nominal design). We observe power transfer between the
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two polarizations, with a peak power transfer from the TE input mode into the TM
output mode at a waveguide width of 120 nm. Fig. [3.18b shows the TE-to-TM con-
version efficiency of the device, defined as the ratio of TM power to the total power
in the device, as a function of waveguide width. The measured peak conversion effi-
ciency of the device is 92.2%. Additionally, the insertion loss through the device is
measured using a separate suite of loss structures, and the total transmission is found

to be greater than 95%.
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Figure 3.18: (a) Experimental polarization-rotator TE (red) and TM (blue) output
with a TE input as a function of waveguide width. (b) Experimental polarization-
rotator TE-to-TM conversion efficiency as a function of waveguide width.

Peak performance occurs for a 111-pm-long device with 110-nm waveguides and
an 85-nm offset with a measured conversion efficiency of 92.2%. This result represents

the first demonstration of an integrated polarization rotator at blue wavelengths.

3.6 Conclusion

In summary, we have shown the design and experimental demonstration of the first
integrated polarization splitters and rotators at blue wavelengths. We designed and
fabricated for the challenging wavelength of 422 nm, an important transition for 8Sr*
ions. The design of the polarization splitter consists of an asymmetric-directional-

coupler design to split the polarizations efficiently and compactly. The design of the
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polarization rotator uses a mode-coupling design, which rotates the polarization in a
compact length. The devices were then fabricated using the MIT Lincoln Laboratory
200-mm wafer-scale process for trapped-ion applications, consisting of one layer of
alumina and two layers of silicon nitride with a silicon-dioxide cladding. Finally, the
performance of the devices was experimentally demonstrated, resulting in a measured
polarization-splitter TE thru-port coupling of 98.0% and TM tap-port coupling of
77.6% for a compact length of 16 pm, and a polarization-rotator conversion efficiency
of 92.2% for a compact length of 111 pm.

These blue-wavelength polarization-control devices enable visible-wavelength po-
larization diversity for the important application of integrated optical control of
atomic systems [13,123,35,136]. For example, to demonstrate enhanced laser cool-
ing of trapped-ion systems, we are using these polarization devices to enable future
integrated-photonics-based polarization-gradient and electromagnetically-induced-trans-
parency cooling systems for trapped %¥Sr™ ions [13]. While these devices were specif-
ically designed for compatibility with ®Sr™ ions, the designs and methodology de-
scribed in this work are easily extendable to any wavelength of interest for both
trapped ions and neutral atoms. The polarization-control devices introduced by this
work pave the way for more sophisticated integrated control of atomic quantum tech-

nologies.
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Chapter 4

Integrated Polarization-Diverse
Grating Emitters for Trapped-Ion

Systems

The following work was led by Sabrina Corsetti (MIT) and done in collaboration
with Reuel Swint (MIT Lincoln Laboratory), Milica Notaros (MIT), Gavin N. West
(MIT), Tal Sneh (MIT), Felix Knollmann (MIT), Patrick T. Callahan (MIT Lincoln
Laboratory), Thomas Mahony (MIT Lincoln Laboratory), Ethan R. Clements (MIT),
Cheryl Sorace-Agaskar (MIT Lincoln Laboratory), Dave Kharas (MIT Lincoln Labo-
ratory), Robert McConnell (MIT Lincoln Laboratory), John Chiaverini (MIT Lincoln
Laboratory), and Jelena Notaros (MIT). This work has been published in [37].

4.1 Introduction

As discussed in Chapter [2] systems of trapped ions are a promising modality for
quantum information processing due to their long coherence times and strong ion-ion
interactions, which enable high-fidelity two-qubit gates [1|. However, most current
implementations are comprised of complex free-space optical systems, whose large size
and susceptibility to vibrations and drift can limit fidelity and addressability of ion

arrays, hindering scaling to large numbers of qubits. Recently, integrated-photonics-
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based devices and systems have been demonstrated as an avenue to address these
challenges |3].

To date, these prior integrated demonstrations have been limited to operations
using light of only a single linear polarization, specifically transverse electric (TE),
nominally parallel to the ion-trap chip surface. However, diverse polarizations are
critical for enabling numerous operations for advanced trapped-ion systems, leading to
an interest in developing polarization-diverse emitters |4,38]. For example, integrated-
photonics-based architectures involving light of both TE and transverse-magnetic
(TM) polarizations (such as the configuration in Fig. are necessary for enabling
advanced ion cooling schemes that offer sub-Doppler temperatures over several non-
degenerate trap-vibrational modes, such as polarization-gradient and electromagnet-
ically-induced-transparency cooling, as discussed in Chapter [2[ [13].

In this section, we design and experimentally demonstrate a pair of integrated TE-
and TM-emitting gratings with an operating wavelength of 422 nm, corresponding
to the 5281/2 to 52P1/2 transition of ®8Sr* ions, a key transition for ion control. We
implement a custom optimization-based design algorithm to realize bilayer, apodized,
and curved gratings that emit unidirectional focused beams, with experimentally
measured spot dimensions of 7.6 pm by 4.3 nm for the TE grating and 5.0 pm by
3.6 nm for the TM grating at a target ion height of 50 pm above the surface of the
chip. This work represents, to the best of our knowledge, the first development of
integrated TM-emitting gratings for trapped-ion systems, and, thus, a fundamental
stepping stone on the path to advanced operations for integrated-photonics-based

trapped-ion quantum systems involving multiple polarizations.

4.2 Grating Design Process and Simulation Results

Both of the gratings in this section are comprised of two 100-nm-thick layers of silicon
nitride separated by 90 nm of silicon dioxide, with the grating teeth fully etched into
the nitride. The pitch and duty cycles of each layer’s grating teeth are optimized such

that the gratings emit focused beam profiles that maximize the percentage of light
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emitted towards a target ion location 50 pm above the surface of the chip. In addition,
the teeth in each layer are offset from each other in the propagation dimension (z) to
enable unidirectional emission upwards [39]. Finally, the grating teeth are curved to
enable focusing in the transverse dimension (y) of the grating.

To design each grating, we utilize a particle swarm algorithm to determine the
optimal pitches, duty cycles, and offsets of the teeth in both layers. Then, we use a
slab mode simulation to determine the optimal grating tooth curvature, based on the
phase front of the mode propagating in the grating. Finally, we simulate the grating

and compute its expected emission angle, beam dimensions, and efficiency.

(a) Simulated TE Beam (b) Simulated TM Beam
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Figure 4.1: Simulated xz intensity profiles for the (a) TE and (b) TM grating.

The gratings developed in this work are designed with a 17 pm by 18 pm emitting
aperture area. This size was chosen such that the optimized TE and TM gratings emit
with matching efficiencies — a necessary condition for many ion operations involving
both polarizations, such as polarization-gradient cooling |13]. The resulting simulated
emission profiles in the zz plane for both gratings are plotted in Fig. d.Th-b. The TE
grating has an expected emission angle of 48.6° and a spot size (1/e* diameter) of 9.9
pm by 5.0 pm at the ion location 50 pm above the chip surface. The TM grating has
an expected emission angle of 47.8° and a spot size of 6.1 pm by 3.7 pm at the ion

location 50 pm above the chip surface.
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4.3 Grating Fabrication and Experimental Results

The designed gratings were fabricated in our 200-mm wafer-scale fabrication pro-

cess developed at MIT Lincoln Laboratory for wavelengths spanning the range from

ultraviolet to near infrared (Fig. [10].

Grating Micrograph

Figure 4.2: Micrograph of a fabricated grating.
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Figure 4.3: (a) Experimentally measured xz intensity profiles for the TE grating.
(b) Measured spots in the xy plane at z = 50 pm for the TE grating. (¢) Measured
spot profiles in the x (blue) and y (red) dimension at z = 50 pm for the TE grating.

To characterize the gratings, light is routed to the chip from a benchtop laser
source through a series of polarization-maintaining fibers. At the chip facet, we use a
polarizing beam-splitter cube on a mount aligned with the axes of the chip to align the
incident polarization of the fiber to the operating polarization of the measured grating
(either TE or TM). The light from the fiber is then coupled onto the chip using an

on-chip tapered edge coupler, and light is routed to the gratings using a combination
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Figure 4.4: (a) Experimentally measured xz intensity profiles for the TM grating.
(b) Measured spots in the xy plane at z = 50 pm for the TM grating. (c) Measured
spot profiles in the x (blue) and y (red) dimension at z = 50 pm for the TM grating.

of alumina waveguides, silicon-nitride waveguides, and vertical transitions between
layers [10]. To measure each grating’s performance, we visualize the chip with a 50X
objective and a visible-light camera, and use an automated setup to increment the
height of the optical train in 1-pm steps to capture images of the grating’s emitted
beam over a range of 0 to 100 pm above the surface of the chip (Fig. [4.3h, [1.4h).
We then use the resulting data to compute the grating’s emission angle and beam
dimensions (Fig. [1.3b—c, 4.4p—c).

Using this characterization procedure, we find that the fabricated TE grating
successfully emits TE-polarized light at an angle of 43.2° (Fig. [4.3h) with a spot size
(1/e* diameter) of 7.6 pm by 4.3 pm at 50 pm above the chip (Fig. [4.3b—¢). Similarly,
the fabricated TM grating successfully emits TM-polarized light at an angle of 43.1°
(Fig. ) with a spot size of 5.0 pm by 3.6 pm at 50 pm above the chip surface

(Fig. [f.4b—).

4.4 Conclusions

In this section, we designed and experimentally demonstrated a pair of integrated
TE- and TM-emitting gratings with an operating wavelength of 422 nm, correspond-
ing to the 5°Sy/» to 5Py, transition of ®*¥Sr™ ions. This work represents, to the

best of our knowledge, the first development of integrated TM-emitting gratings for
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trapped-ion systems, and, thus, a fundamental stepping stone on the path to advanced
operations for trapped-ion quantum systems involving multiple polarizations, such as
polarization-gradient and electromagnetically-induced-transparency cooling [13,/16],

using an integrated photonics platform.
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Chapter 5

Conclusion

5.1 Conclusion

This thesis outlined the key devices and architectures that enable advanced integrated-
photonics-based cooling systems for trapped ions.

In Chapter [2, we developed a framework for two advanced trapped-ion cooling
schemes, PG and EIT, using a visible-wavelength silicon-photonics platform at 422
nm. We have also presented designs of key integrated-photonics components re-
quired to realize these architectures. This approach provides a scalable platform
that promises more rapid cooling of multiple vibrational modes when compared to
previously shown integrated approaches. Additionally, these approaches should be
applicable to neutral-atom laser cooling when tailored to other wavelengths.

Next, in Chapter (3], we showed the design and experimental demonstration of the
first integrated polarization splitters and rotators at blue wavelengths. We designed
and fabricated for the challenging wavelength of 422 nm, an important transition
for 88Sr* jons. The design of the polarization splitter consists of an asymmetric-
directional-coupler design to split the polarizations efficiently and compactly. The
design of the polarization rotator uses a mode-coupling design, which rotates the po-
larization in a compact length, The performance of the devices was experimentally
demonstrated, resulting in a measured polarization-splitter TE thru-port coupling

of 98.0% and TM tap-port coupling of 77.6% for a compact length of 16 pm and a
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polarization-rotator conversion efficiency of 92.2% for a compact length of 111 pm.
While these devices were specifically designed for compatibility with ®8Sr™ ions, the
designs and methodology described in this work are easily extendable to any wave-
length of interest for both trapped ions and neutral atoms. The polarization-control
devices introduced by this work pave the way for more sophisticated integrated control
of atomic quantum technologies.

Finally, in Chapter [4] we designed and experimentally demonstrated a pair of
integrated TE- and TM-emitting gratings with an operating wavelength of 422 nm.
This work represents, to the best of our knowledge, the first development of integrated
TM-emitting gratings for trapped-ion systems, and, thus, a fundamental stepping
stone on the path to advanced operations for trapped-ion quantum systems involving
multiple polarizations, such as polarization-gradient and electromagnetically-induced-

transparency cooling, using an integrated photonics platform.
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