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Cold atoms play an important role in fundamental physics, precision timekeeping, quantum and gravitational
sensing, precision metrology, and quantum computing. The three-dimensional magneto-optical trap (3D-MOT)
is a fundamental tool used to create large populations of cold atoms and serves as an integral component for a
wide range of quantum and atomic experiments. The 3D-MOT employs laboratory-scale laser systems to trap,
cool, manipulate, and interrogate atoms and quantum states. Photonic integration has reached a point where it is
possible to generate, control, and deliver light to atomic transitions and provides a path to integrated 3D-MOTs.
We review progress and discuss potential paths toward integration of 3D-MOT lasers and optics with focus on
the ultra-low loss silicon nitride photonic integration platform. We review 3D-MOT technology, building blocks
and components, and discuss characteristics of the lasers, optics, and atomic physics package. We discuss how the
silicon nitride platform can be used to perform MOT functions including cooling, trapping, and spectroscopy. An
illustrative example of a rubidium photonic integrated MOT (PICMOT) is used to describe possible paths forward
to integration. We also discuss how photonic integration can support lower temperatures and atom trapping and

manipulation in integrated cold-atom platforms for quantum sensing and computing.
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1. INTRODUCTION

The world of precision atomic and quantum sciences is on a
path to undergo a transformation to the chip-scale much like
computers of the 1950s. This transformation will improve the
experimental reliability, reduce size, weight, and cost, impact
quantum performance, and enable new discoveries, capabilities,
and applications. Cold-atoms in particular play an important role
in areas such as new particle discovery and fundamental physics
[1,2], optical clocks and precision timekeeping [3—5], quantum
and gravitational sensing, precision metrology [6—11], and quan-
tum computing [12-14]. The magneto-optic trap (MOT) [15] is
a fundamental tool used to create and spatially confine cold
atoms by balancing the motion of thermal atoms with carefully
aligned optical radiation and magnetic forces. The MOT can
be implemented in a 1-dimensional (1D-MOT), 2-dimensional
(2D-MOT), [16] and 3-dimensional (3D-MOT) [15] geometry
or a combination of geometries. The MOT mainly consists of
three subsystems: a thermal atom source and vacuum cell called
the physics package; the magnetic field delivery; and the laser
and optics infrastructure used to generate and manipulate opti-
cal signals for trapping, cooling, and delivering this light to the
atomic species of interest. Today, there is great interest in new
technologies that enable integration and miniaturization of all
aspects of the MOT [17].
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The 3D-MOT [18] in particular is used to create large pop-
ulations of cold atoms and serves as an integral component

for a wide range of experiments including Bose—Einstein con-
densates (BECs) [8,19,20], optical tweezers [21,22], 3D lattice
trapped atoms [23], and atom-interferometry [24,25]. Today,
the 3D-MOT is constructed using complex laboratory-scale
laser systems, optical components, and control systems, to trap,
cool, manipulate, and interrogate atoms and quantum states.
The optical infrastructure for a 3D-MOT occupies table-tops
and equipment racks, a large volume of the experiment, with
components such as precision lasers, reference cavities, spec-
troscopy cells, the atomic physics package, light delivery optics,
modulators, detectors, and frequency shifters. The laser, optics,
and electronics infrastructure must be properly designed to inter-
act with the atoms and desired atomic transitions both in terms
of atomic energy levels, alignment to these resonances, and
characteristics associated with the quality of the light includ-
ing frequency, polarization, coherence, phase noise, optical
power, and beam spatial properties. These components have
seen tremendous progress toward their commercialization and
miniaturization. Examples of this include integrated 780 nm
semiconductor lasers [26], frequency-doubled telecom lasers
with high-performance telecom modulators [27,28], reference
cavities [29-31], diffraction grating and metasurface MOT beam
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delivery [32-35], and centimeter-scale spectroscopy reference
cells [17], to name a few.

In this article we review progress and discuss potential paths
forward for miniaturization of the lasers and optics infrastructure
of the 3D-MOT through photonic integration. Such integra-
tion requires a flexible approach that supports the wide range
of wavelengths [36] as well as optical performance parame-
ters and functions specific to the MOT-based experiment, the
overall 3D-MOT architecture, and miniaturization paths for
the other components and subsystems [17,37]. Additionally,
the photonic integration platform ideally must be compati-
ble with complementary metal-oxide semiconductor (CMOS)
foundry processes to provide the many benefits of wafer-scale
processing. Photonic integration of 3D-MOTs will fundamen-
tally advance the quantum and atomic sciences, transforming
cold-atom systems and their application in areas like space-
based quantum technologies and gravity mapping, portable
atomic clocks and quantum sensors, and scalable quantum
computing.

First, we provide a brief review of 3D-MOT technology
including how these important tools are built today, their key
building blocks and underlying component technologies and dis-
cuss key characteristics of the lasers, optics, and atomic physics
package, focusing on the rubidium and strontium species. We
next review integrated approaches to optical beam delivery
for cooling and trapping rubidium including pyramidal MOTs
(PMOTs) [38—40], grating MOTs (GMOTs) [32-34], integrated
metasurface photonic emitters for strontium MOTs [35,41], and
photonic integrated circuit (PIC) waveguide to free space rubid-
ium 3D-MOT beam delivery (PICMOT) investigated by our
group [42,43]. Next, we introduce the important topic of inte-
grated lasers that can perform MOT functions including cooling,
trapping, spectroscopy, and probing as well as their optical
parameters such as wavelength, linewidth, noise, and power.
Laser stabilization, using optical reference cavities that are crit-
ical for many atomic and quantum systems, is described briefly,
including the influence of the laser frequency noise and noise
reduction in both cold atom sensors [44] and in computing [45].
We move forward with a summary of integration of these lasers,
optical reference cavities, and key MOT functions using the
ultra-low loss silicon nitride (SiN) PIC platform [46] with atten-
tion to state-of-the-art micro-cavities that can be integrated with
the SiN PIC platform. Stepping to the miniaturization of the
full 3D-MOT we then briefly cover the latest work in compact
atomic cells and atomic physics packages. However, this is a
large field in itself; there is other important work that covers
the integration and miniaturization of the physics package. For
a more comprehensive discussion including methods for cell
fabrication and compact vacuum systems, we refer the reader to
Ref. [17].

We then use an illustrative example of work done by our
group on a rubidium PICMOT [43] based on the SiN platform
and the paths forward to full integration of all building blocks
and technologies including lasers, spectroscopy, amplitude and
frequency modulation, beam delivery and other subsystems
used in 3D-MOT experiments and associated atomic, molec-
ular, and optical physics (AMO) experiments. We also discuss
what technologies can be used to supply atoms to the integrated
3D-MOT, how the MOT can be augmented to support lower
temperatures and advanced particle trapping and manipulation
and qubit operations (e.g., sub-Doppler cooling, lattice trapping,
programmable optical tweezer arrays) and how this area can

Vol. 2, No. 6/25 December 2024/ Optica Quantum 445

be applied to important quantum applications including atom
interferometry, quantum optical clocks, frequency references,
and quantum sensors. We conclude with a perspective on what
is next and new advanced technologies.

2. 3D-MOT TECHNOLOGY OVERVIEW

The cooling and trapping of neutral atoms uses a balance of
scattering forces formed by the combination of laser beams
and a magnetic field gradient to confine atoms in up to three
dimensions. The atoms experience a restoring force that confines
them in space and reduces their velocity and therefore their
temperature [ 18]. MOTSs are made for a variety of atomic species,
and alkali metals such as rubidium and cesium are commonly
used because of their relatively simple atomic level schemes.
MOTs requiring more complicated laser cooling and trapping
schemes are used for species such as strontium-87 to access the
narrow 698 nm clock transition [47] and combined with optical
lattice trapping to achieve unprecedented clock stability reaching
107" [3].

Confinement in three dimensions is typically achieved with a
six-beam 3D-MOT and its constituent components [Figs. 1(a)
and 1(b)]. The requirements of different cold atom applications
can be generally translated to the atom number N and cloud
temperature in the MOT [48]. For example, the sensitivity of
atom interferometry can be limited by the quantum projection
noise [48] with a desirable atom number of over one million
atoms [49]. The trapped atom number can be increased with
larger diameter beams and higher optical powers— a challenge
for maintaining a small physics package where the cold atoms
live and miniaturizing the lasers and optics since scaling the
atom number depends on the beam overlap volume within the
physics package [48]. The scattering forces on the atoms must be
balanced and sufficiently strong to trap and cool the atoms from
the background vapor of the cell. Because the forces are depen-
dent on the propagation directions of the cooling beams, at least
four beams, and typically six, are used. The intersection of these
beams must also coincide with the null points of the magnetic
field gradient within the atomic cell. The cold atom cloud tem-
perature is another important metric, and while millikelvin tem-
peratures are routine, reaching temperatures below the Doppler
limit of 150 uK (e.g., for Rb) requires additional laser cooling
techniques to reach the desired microkelvin regime required for
long interrogation times in atom interferometry, optical tweezer-
based experiments, and high-fidelity quantum computation.
Such experiments utilize the 3D-MOT as the basic cold atom
source and then employ layers of sophisticated laser cooling
technique to reach these sub-Doppler temperatures such as polar-
ization gradient cooling [50], Raman cooling [51], and optical
lattice traps [52]. Even lower temperatures and more sophisti-
cated laser cooling techniques such as evaporative cooling are
required for BEC and quantum degeneracy experiments [53].

The key 3D-MOT functions and subsystems, highlighted
in Fig. 1(a) include (i) the atom source and vacuum cham-
ber, (ii) laser signal generation, frequency control, modulation,
and stabilization, (iii) atomic saturation spectroscopy and lock,
(iv) magnetic field control, (v) beam gating, intensity con-
trol, and timing/sequencing, and (vi) cooling, trapping, repump,
and probe beam delivery. The atom source is typically located
inside the vacuum chamber and produces neutral atoms at a
steady rate using a resistively heated atomic oven, with smaller
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Fig. 1. (a) 3D-MOT functions and (b) an example of the beam delivery in a six beam 3D-MOT configuration.

designs utilizing an atom pill source activated with a high-
power laser. The magnetic field is generated using electrical
coils arranged in an anti-Helmholtz configuration or alternative
magnetic field geometries [17,54] to create a quadrupole trap.
The laser subsystem has cooling, repump, and probe signals

The routing, expansion, and splitting of these beams is tradition-
ally achieved using free-space optics. Alternatively, the atom
trapping and cooling can be divided into multiple stages. For
example, 2D-MOTs can create confinement in two dimensions,
allowing a high flux atomic beam to enter a 3D-MOT for a final

whose frequencies are aligned to an external atomic reference
such as saturation absorption spectroscopy (SAS). Finally, other
bulk-optic free space components such as acousto-optic modula-
tors, wave plates, and photodiodes are used to adjust the cooling
laser frequency, polarization, and enable locking of optical sig-
nals to optical reference cavities and optical atomic transitions.
Once the laser frequencies and their control are prepared, the
beams are routed to the physics package and split into three entry
points, then directed to retroreflector mirrors that back-reflect
each beam to form the total six beam configuration [Fig. 1(b)].

cooling step.

3. BEAM DELIVERY

Over the last few years there has been progress on miniatur-
ization and integration of the optics for laser beam delivery
to the atomic physics package, including splitting, routing,
and overlapping the trapping beams. These approaches gen-
erally falling in the following categories: metasurface MOT
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Fig.2. Compact and integrated 3D-MOT beam delivery approaches. (a) Metasurface MOT —MSMOT [35]. C. Ropp et al. Light Sci Appl 12,
83 (2023). Licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). (b) Photonic integrated circuit MOT — PICMOT [43]. A.
Isichenko et al. Nat Commun 14, 3080 (2023). Licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). (c) Mirror MOT —
MMOT [65]. Reprinted (Fig. 2) with permission from [R. Folman ez al., “Controlling Cold Atoms using Nanofabricated Surfaces: Atom Chips,”
Phys. Rev. Lett. 84, 4749-4752 (2000).] Copyright (2020) by the American Physical Society. (d) Pyramid MOT — PMOT [39]. (e) Grating
MOT - GMOT [33]. J.P. McGilligan et al. Sci Rep 7, 384 (2017). Licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
(f) Planar integrated MOT — PIMOT [34]. Reprinted [Fig. 2(a)] with permission from [L. Chen et al., “Planar-Integrated Magneto-Optical
Trap,” Phys. Rev. Appl. 17, 034031 (2022).] Copyright (2022) by the American Physical Society.
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(MSMOT) [Fig. 2(a)]; photonic integrated circuit MOT (PIC-
MOT) [Fig. 2(b)]; mirror MOT ( MMOT) [Fig. 2(c)]; pyramid
MOT (PMOT) [Fig. 2(d)]; grating MOT (GMOT) [Fig. 2(e)];
and planar integrated MOT (PIMOT) [Fig. 2(f)]. The reflection
approaches include the PMOT [39,55] and GMOT [17,32,33]
reduce the free space elements and enable a compact MOT. In
a PMOT, a single large beam illuminates a hollow reflective
pyramidal region to generate three sets of counter-propagating
beams. These have reported to trap 30 x 10° atoms [55] and also
to generate a beam of cold atoms [56]. In a GMOT, a large single
beam illuminates a reflection grating to produce three diffracted
beams in a tetrahedral geometry [33] using micro-fabricated
gratings. Combining the GMOT with micro-fabricated vacuum
cells enables compact scalable MOTs for sensors [17,57]. The
metasurface-based MSMOT approach utilizes sub-wavelength
feature transmission and reflection structures to replace lenses to
perform optimized multi-beam splitting [54] and multi-function
optical components that can simultaneously redirect, shape,
polarize, and expand an incident beam [58]. More recently, meta-
material gratings illuminated by fibers have been successfully
employed to produce centimeter-scale expanding beams for the
multiple wavelengths needed for a Sr 3D-MOT [35,59]. Meta-
surfaces combine advantages of low optical losses, polarization
engineering, and beam shaping, with the reconfigurability
for different wavelengths and fabrication reproducibility using
advanced fabrication techniques like electron beam lithography.

The PICMOT approach [43] (Fig. 2(b)) is capable of multi-
component integration of lasers, optics, and MOT functions into
a planar fabricated waveguide-based structure in the SiN plat-
form [46]. PIC-based beam delivery been demonstrated in ion
trapping using micrometer-sized focusing beams [60,61] and in
rubidium MOTSs using 320 um diameter [62] and recently 2.5
mm by 3.5 mm (e7> width) collimated beams [43]. It should
be noted that the PICMOT can utilize metasurface technol-
ogy in both the free-space beam emission directly above the
waveguide and for beam retroreflection. A metasurface layer
above the waveguide can achieve cooling beam expansion [58]
for larger atom numbers, to precisely control divergence angle
[59], and to combine different wavelengths [63]. For a six-
beam MOT geometry requiring retroreflection, metasurfaces
can be used as a planar mirror through single-angle reflection
[64], enabling integration with a PIC, vacuum cell, and mag-
netic field generation in a planar stack and eliminating optical
alignment. For the basic beam delivery, on-chip waveguides
are coupled to a 1x3 integrated power splitter. The splitter
outputs are coupled to three slab-waveguide beam expanders
that each illuminate waveguide-to-surface mode gratings that
generate multi-millimeter diameter collimated beams off-chip
at specific angles that intersect orthogonally 9 mm above the
PIC surface at a desired location inside the physics package
(Fig. 3). The large-area gratings deliver nearly 1 mW per beam
and enable cooling and trapping a MOT cloud of 1.3 X 10° atoms
at a temperature near 200 pK.

4. INTEGRATED LASERS, MODULATORS, AND
REFERENCE CAVITIES

A fully integrated 3D-MOT will incorporate multiple lasers,
each at an atom-defined wavelength with specific power, phase
noise, and amplitude noise stability tailored to the species, its
transitions, the particular MOT function, and the application.
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A rubidium (Rb) 3D-MOT and clock or electromagnetic sens-
ing applications, will for example, utilize 780 nm for cooling
and repump, 778 nm for the Rb two-photon transition [66], or
480 nm for Rydberg excitation [10]. There is usually the need
to tune or scan the laser wavelength, either by direct laser tun-
ing or using external frequency shifters such as acousto-optic
modulators (AOMs), to stabilize the laser to an optical reference
cavity or an atomic transition or to perform spectroscopy. Such
scanning can cover from tens of megahertz to multiple gigahertz
to nanometers. Frequency shifting by directly controlling a laser
requires consideration of issues such as mode-hop free tuning,
linearity of tuning, tuning range, residual amplitude modulation
(RAM), and more. Another widely used function is modulation,
used to generate sidebands and error signals for control loops to
lock the laser to reference cavities and atomic transitions. Mod-
ulation can also be used to generate new optical frequencies,
to access neighboring atomic transitions, to couple coherent
atomic transitions, and for qubit coherence control sequencing.
Modulators tend to fall into two categories, the first is for con-
trol loops operating in the broadband DC-10s to hundreds of
megahertz range, and the second is at higher narrowband radio
frequencies (RF) in the hundreds of megahertz to 10 GHz range
used to create optical signals at atomic transitions offset from a
reference such as a spectroscopy cell.

An important set of parameters are the laser linewidth, phase
noise, and frequency stability. These requirements will deter-
mine the choice of integrated laser for each wavelength. At a
high level, the choices are tied to the particular purpose for that
wavelength. Examples include pumping a broad atomic transi-
tion, cooling the motion of the atom, light scattering from the
atom for imaging, repumping a transition back to the ground
state, probing very narrow optical transitions such as for clock
operations, or coupling multiple optical state transitions with
high coherence and fidelity such as for qubit operations. While
a detailed discussion of laser linewidth and phase noise is out-
side the scope of this article, we provide a brief discussion at this
point. Laser linewidth and phase noise can be described in terms
of the fundamental or instantaneous linewidth (FLW), the inte-
gral linewidth (ILW) of which there are several ways to define,
the fractional frequency noise (FFN) also form of carrier jitter,
the drift, and the actual phase noise at specific offset frequencies
from the carrier or integrated over a range of offset frequen-
cies. The nature and impact of these quantities depends on the
nature of the noise (memoryless quantum vacuum-driven or with
memory), the averaging interval or frequencies over which the
spectral content of light is observed or utilized, how the light
is used functionally, and the degree of coherence required. For
example, the FLW, which is quantum noise driven, determines
the phase noise at high offset frequencies typically greater than
100 kHz or 1 MHz, and can impact the sensitivity of a quantum
sensor that is intermodulation distortion limited such an optical
clock or atom interferometer, or can produce Fourier transform
limited aliasing noise when atoms or qubits are sequenced or
pulsed at high frequencies [67]. The material properties of the
laser itself and its interaction with the external environment are
noise processes with memory that modulate the laser carrier and
its phase noise leading to a Voight broadened lineshape. Stabi-
lizing the laser to an external reference cavity involves materials
in the reference cavity or its mirrors whose noise fluctuations are
quantum photo- or thermally driven, leading to thermorefractive
noise (TRN) [68] or photothermal noise (PTN) [69,70] limits
on the stabilized laser ILW over are range of offset frequencies
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Fig. 3. Photonic-integrated circuit 3D-MOT (PICMOT) [43]. (a)
Beam delivery to form a 3D-MOT with the large-area grating emitter
PIC. The quarter wave plates (QWPs) convert from linear to circular
polarization for MOT formation. (b) PIC beams incident on a plane
above the PIC surface. (c) View of the cold atom MOT cloud with a
camera from the side of the setup. (d) Zoom-in of the MOT cloud.
A. Isichenko et al. Nat Commun 14, 3080 (2023). Licensed under
CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

typically in the 10 Hz to several kilohertz range. The laser FFN
and long-term drift are important when stabilizing the laser to
an optical transition while the atom or qubit are being prepared.
The FFN gives a frequency range and time over which the laser
remains within the capture range of feedback loops while disen-
gaged from the atomic or qubit transition and then needs to lock
with the transition when the loop is engaged. The long-term drift
is the regime where the laser moves out of capture range relative
to the open loop cycle of atom or qubit preparation, possibly
moving back again cyclically as the environment fluctuates. In
the end, a laser system linewidth can be FLW, ILW, FFN, or
drift-dominated and details of the phase noise at various offset
frequencies can be critical. Other laser parameters important for
atomic and quantum applications include relative intensity noise
(RIN) and linewidth enhancement factor that couple phase and
amplitude modulation. Experiments for cooling, trapping, and
probing in rubidium cold atom systems typically use lasers oper-
ating in single mode and have integral linewidths below 1 MHz
and fundamental linewidths below 50kHz which is sufficient
for resolving and stabilizing to rubidium hyperfine spectroscopy
transitions and therefore generating a rubidium MOT.

An alternate approach to the direct drive emission lasers
discussed so far are nonlinear optical techniques such as
frequency-doubling of telecom laser systems. Such systems have
gained attention in the cold atom community due to their com-
pactness relative maturity of the semiconductor gain material.
For rubidium, lasers operating at 1560 nm benefit from a mature
technology base, with reliable components such as intensity
and phase modulators, and semiconductor optical amplifiers
in silicon photonics at 1560 nm allows for further miniatur-
ization of these systems [Fig. 4(a i)]. By preparing the light
and modulating at 1560 nm, frequency-doubled second har-
monic generation (SHG) or octave spanning optical frequency
combs [78] can be used to translate this light to the atomic
transitions. This approach has been successfully demonstrated
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with SHG in a cold atom interferometer [27,28] using a sili-
con photonics system at 1560 nm with separate non-integrated
frequency doubling to 780 nm. Recent work on integrated such
systems to the chip level have been reported, with the primary
difficulty being limited converted optical power at the transi-
tion energy [79]. Other approaches include optical parametric
oscillation (OPO) frequency converters which hold promise for
higher conversion efficiency [80]. To address the conversion
efficiency limits of frequency-doubled systems typically require
additional optical power using semiconductor optical amplifiers
at the target atomic transition wavelength. This gain material
would be used anyway as the gain material for direct drive lasers
operating directly at the atomic transition such as the important
gallium nitride material system for green and blue [81]. For these
reasons, the remainder of this paper focuses on “direct-drive”
photonic technologies that operate directly at 780 nm rather than
frequency doubled approaches. There are a variety of single lon-
gitudinal (frequency) mode laser designs to select from that can
be integrated on in the Si;N, platform (Fig. 4(a)). Each type
delivers different optical performance and characteristics, the
choice depending on the intended MOT function for that wave-
length. Each laser type can serve as the basic stand-alone lasing
element, can serve as the pump for a higher performance laser
(e.g., Brillouin laser), or combine with other elements to realize
higher level functions. The designs are ordered with decreasing
FLW from the top to bottom of Fig. 4(a). The most basic, and
typically the lowest performance in terms of linewidth and phase
noise are the semiconductor distributed Bragg reflector (DBR)
and distributed feedback (DFB) [82] lasers, which have typical
ILW of below 1 MHz, and FLW above 10kHz, are temperature
tunable, and can be integrated with the silicon nitride platform
[26,83]. The next level of linewidth and noise performance can
be achieved with an extended DBR (EDBR) design [Fig. 4(a ii)]
by combining an active reflective semiconductor optical ampli-
fier (RSOA) gain chip, that has a bandgap emission at the desired
wavelength range, with an extended silicon nitride Bragg reflec-
tor [84,85,86] similar on fiber-based demonstrations [87]. At
1550 nm wavelengths these integrated EDBR lasers can reach 2
kHz FLW and 17 kHz ILW through their extended mode vol-
ume and are moderately tunable. To further reduce the FLW and
provide wider tunability, the widely used table-top external cav-
ity diode laser (ECDL) or external cavity tunable laser (ECTL)
designs [Fig. 4(a iii)] can be integrated on-chip using an RSOA
of the appropriate bandgap as the gain block for a multi-ring
silicon nitride design [88]. Such lasers are capable of reaching
40 kHz ILW [88] and are directly tunable using thermal or stress-
optic actuators with the potential for mode hop free operation.
The next category of laser provides extremely low FLW through
nonlinear noise reduction via optical feedback. Self-injection
locked (SIL) lasers [89] illustrated in Fig. 4(a iv), utilize high
optical feedback into the primary laser to suppress noise and
cause lasing in a single mode. SILs can be realized by coupling
low cost Fabry—Perot (FP), or DFB, or DBR lasers, to a highly
reflective integrated ring resonator optical cavity that provides
strong feedback via Rayleigh backscattering. Under the right
conditions the laser operates at a stable point and the fundamen-
tal noise of the FP laser is reduced toward the Schawlow—Townes
limited linewidth [90] for that particular cavity. Such lasers have
been realized in the SiN platform, by coupling the semicon-
ductor laser to an integrated single- or double-bus high-Q ring
resonator combined with on-chip phase tuning and splitting to
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provide careful control of the SIL process. Silicon nitride wave-
guide based SIL lasers have been demonstrated in the visible and
near-IR (NIR) [91] and short-wave-IR (SWIR) [92,93], achiev-
ing FLW as low as 740 mHz at 780 nm and ILW under 864 Hz
[94] and 0.6 Hz and 2.3 kHz ILW at 1550 nm [92]. The second
type of ultra-low phase noise integrated laser, that also uses
nonlinear noise suppression, is the stimulated Brillouin scatte-
ring laser (SBL) [95] illustrated in Fig. 4(a v) [96]. Such lasers,
based on silicon nitride ultra-high Q ring resonators, utilize
photon-phonon interactions, and convert the input pump light to
a scattered Stokes output whose fundamental linewidth is mul-
tiple orders of magnitude lower in high frequency noise. These
lasers are realized by locking a pump laser such as a DFB, EDBR,
or ECTL to a Brillouin resonator cavity, typically consisting of
a bus-coupled ring or bus-coupled coil. Such integrated SiN
lasers have achieved FLW of 70 mHz at 1550 nm and have been
demonstrated at a range of atomic and quantum wavelengths
with FLW of 24 Hz at 780nm [97], 12 Hz at 674 nm [98], and
8 Hz 698 nm [99]. Laser frequency noise profiles associated with
such ultra-low linewidths have implications for improved atomic
system performance such as in high-fidelity neutral atom quan-
tum computing gates and cold atom interferometers and this
is discussed further in the “Applications” section of the text.
Optical isolation is essential for protecting these semiconduc-
tor lasers from detrimental back-reflections that can increase
linewidth or cause mode-hopping. This is typically achieved
with free-space bulk-optic magnetic isolators providing ~35 dB
of isolation. Several different approaches for non-magnetic on-
chip isolators have been demonstrated, including acousto-optic
modulation in silicon [73], electro-optic modulation in thin-film
lithium niobate [72], and optical Kerr nonlinearity in SiN [100].
It has also been shown that lasers consisting of sufficiently high
Q resonators can tolerate higher levels of back-reflection [101],
such as in the case of heterogeneously integrated self-injection
locked lasers [102].

Modulation and frequency shifting are critical to atomic
and quantum systems and central to the 3D-MOT operation.
The typical bulk-optic components include AOMs for cooling
beam detuning, lithium niobate electro-optic modulation for
generating gigahertz-frequency sidebands and intensity mod-
ulation or shuttering with an AOM, mechanical switch, or
semiconductor optical amplifier (SOA) for cloud temperature
measurements. Various types of amplitude and frequency mod-
ulators are compatible with integration in the silicon nitride
platform and are shown in Fig. 4(b). The first two types utilize the
stress optic effect, or strain induced tuning via the piezoelectric
effect, to change the index of refraction of the optical waveguide
and are well matched to amplitude modulation with optically
resonant structures. Phase modulators are possible but require
long waveguide structures to achieve 7t phase shifts. Modulation
in the DC to tens to hundreds of megahertz can be achieved
using PZT modulators [Fig. 4(b i)] deposited on top of low loss
silicon nitride waveguides using a planar process [76]. Such
modulators operate independently of wavelength, do not affect
the optical loss, and are very low energy typically in the tens to
100 nW regime. The PZT modulators shown in [Fig. 4(b i)] are
well-matched to atomic and quantum control and locking func-
tions as well as low power DC biasing [76], and moderate tuning
speeds for functions like spectroscopy [103]. Higher frequency
resonant modulation, at specific frequencies out to gigahertz, can
be achieved using etched waveguide structures whose index are
controlled with aluminum nitride actuators [Fig. 4(bii)] [71] that
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have higher operating frequency than PZT but are not as efficient
at lower frequencies and DC. Broadband, high-frequency mod-
ulation, such as used to couple multiple atomic transitions, can
be achieved using the electrooptic effect in materials like lithium
niobate (LiNbO;) [Fig. 4(b iii)]. Thin film LiNbO; modulators
have been demonstrated for atomic functions [104] and can be
integrated with silicon nitride photonics using flip chip bond-
ing [105] techniques. Other types of modulators amenable to
integration include surface acoustic wave modulators [Fig. 4(b
iv)] [106] and Brillouin modulators [Fig. 4(b v)] [107]. Mod-
ulation can be classified into direct modulation of the laser
cavity and external modulation. Lasers based on one or more
high-Q cavities such as an ECTL or SIL can be frequency mod-
ulated by cavity resonance tuning. External modulation with
resonant single-ring modulators can be realized by stabilizing
the modulator to the laser [76] whereas MZI-based modulators
are more broadband and applicable to multi-wavelength modu-
lation. Importantly, achieving the highest extinction ratio would
involve cascading several coupled high-Q resonators to reach
over 80 dB extinction [108].

The third main basic component is the compact or integrated
optical reference cavity, used for laser frequency stabilization,
linewidth narrowing, and noise reduction for frequencies offset
from the carrier in the range of tens of hertz to hundreds of hertz.
Such cavities are the mainstay of atomic and quantum experi-
ments are table-top or rack scale and utilize vacuum cavities and
environmental isolation and utilize Pound-Drever—Hall (PDH)
[109] with proportional integral-derivative (PID) control loops
to lock the laser to the reference cavity. There has been great
progress in miniaturizing optical reference cavities, using inte-
grated silicon nitride waveguide resonators and coil-resonators
[Fig. 4(c 1)] [75,110-112], silica microcavities [Fig. 4(c ii)]
[29], and vacuum microcavities with silica mirrors [Fig. 4(c iii)]
[30,31]. Recent progress in ultra-high Q, > 100X 10°, silicon
nitride waveguide coil-resonators for laser stabilization include
3-m-long cavities operating directly at 674 nm for the strontium
ion clock transition [98], 4 m and 10-m-long 1560 nm cavities
that can be used to stabilize light that is frequency doubled for
rubidium transitions. Such cavities can achieve linewidth nar-
rowing of 300x with a 600 Hz FLW at 674 nm, and an ADEV
stability of 5x1071*/4/7 at 1 s when locked to the #¥Sr* ion 0.4 Hz
quadrupole [98].

Other important components include integration-compatible
visible to NIR photodetectors that can readily support frequen-
cies in the DC to hundreds of megahertz for control loop and
lock functions and higher speed photodetectors that can operate
in the 1 to 10 GHz range to support beat-note and offset fre-
quency generation. Such photodetectors can be monolithically
integrated [113], butt-coupled to the edge of waveguides [114],
evanescently coupled to silicon nitride waveguides through flip
chip bonding [115], flip chip bonded to waveguide to grating
out-couplers [116], and epitaxially grown [117].

5. INTEGRATION PLATFORM

The waveguide integration platform needs to be low loss [118]
and transparent in the visible to NIR for many atomic species,
whereas other species can require transparency down to the UV.
For example, silicon nitride (SiN) waveguides support visible to
NIR wavelengths and aluminum oxide (Al,O3) can be utilized
to cover the UV to visible. Integration of semiconductors and
nonlinear optical materials with these waveguide platforms can
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support light emission, detection [113], high speed modulation
and optical nonlinearities using materials like thin film LiNbO;
[119]. For example, high bandwidth integrated LiNbO; modu-
lators can be used to generate sidebands on a ¥’ Rb MOT 780 nm
cooling laser to generate a GHz offset repump frequency [18].
Further integration of semiconductor gain materials, with the
appropriate bandgap for the desired atomic transition, through
butt coupling, photonic wire-bonding, wafer bonding, and epi-
taxial growth will enable a fully integrated chip where light
generation, manipulation, stabilization, delivery, and detection
are all achieved on a single chip.

6. HIGHER LEVEL MOT FUNCTION INTEGRATION

The prospects for integrated 3D-MOT building blocks include
examples shown in Fig. 4(d). These include integrated saturation
spectroscopy which involves laser frequency and intensity sta-
bilization combined with beam delivery to a warm vapor atomic
cell [Fig. 4(d 1)], laser stabilization [Fig. 4(d ii)] [76], scanning
the atomic resonances and aligning the laser to a desired tran-
sition [Fig. 4(d iii)], and beat-note detection of offset frequency
generation [Fig. 4(d iv)]. Beat note detection plays a key role in
monitoring the frequency difference between two lasers for real-
time feedback and precision control of one laser frequency with
respect to another. These tools enable precise laser frequency
control with respect to atomic transitions to sequence through

resonant and non-resonant atom probing, essential steps for gen-
erating cold atoms in a MOT and for applications such as atom
interferometry and quantum computing.

7. COMPACT ATOMIC CELL AND PHYSICS
PACKAGE

Scalable, integrated atomic systems will require a compact
atomic cell to produce atoms in a vacuum for cooling with pho-
tonic circuits. Microfabricated atomic vapor cells have reached
a high level of maturity [120] using fabrication techniques sim-
ilar to that in MEMS devices [Fig. 4(e)]. Unlike conventional
glass-blown cells, microfabricated cells are based on anodically
bonded silicon-glass structures [17] and enable mass produc-
tion, greater reliability, and a custom cell geometry. The atomic
vapor such as rubidium can be introduced by laser heating a
solid alkali pill through a transparent side of the cell. While
this technique has been demonstrated for warm vapor atomic
(Ref. [77]), cells for cold atom experiment require an ultra-high
vacuum level commonly achieved with a liter-scale ion pump.
Recent work has successfully integrated micro-ion pumps in a
25 cm?® chamber [121]. A more detailed discussion about minia-
turization of atomic sources and vacuum cells can be found in
Ref. [17].

8. FULL MOT INTEGRATION

Full MOT integration will involve combining higher-level func-
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tions such as spectroscopy, atomic transition locking, cooling,
repump, and probe light generation and modulation, beat note
detection and offset frequency locking, and optical gating and
pulse sequencing and beam delivery. This transition involves
integrating fixed and tunable laser sources, low linewidth and
stabilized lasers, modulation, intensity and noise control, high-
resolution spectrometers, and detectors onto the same chip. As
an example, consider the integration of a cold-atom two-photon
clock, as a potential extension of a microwave cold atom clock
[122], as illustrated in Fig. 5. Using the common low loss sil-
icon nitride platform, one can integrate rubidium saturation
spectroscopy using an ECTL locked to the cold atom repump
transition (780.228 nm). The atomic cooling laser (780.241 nm)
can be referenced to this line using offset frequency ECTL and
beat note detection. The cooling and repump lasers are com-
bined on-chip and delivered to the atomic cell using broad area
waveguide to free space beam emitters. To access the two-photon
transition, an ultra-low phase noise stabilized laser such as a coil
locked ECTL or Brillouin laser can provide an integral linewidth
near 1kHz at 778.1 nm [97]. In this example, the cooling and
repump beams are delivered via three gratings to realize the 3D-
MOT [43]. The probe beam is delivered via a separate grating
to the atom cloud with the ability to shutter the probe with a
high extinction ratio filter. While this filter is particularly shown
here for the probe beam, it is also crucial for the cooling and
repump beams in the clock operation as well as MOT tempera-
ture characterization and in atom interferometry. The functions
of 420 nm fluorescence detection and microwave-to-optical con-
version using an optical frequency comb [37] and magnetic field
generation [34] are not shown. The optical frequency comb can
also be further integrated using silicon nitride waveguide tech-
nology [37,123]. While the spectroscopy cell can be realized

using a small millimeter-scale warm vapor cell, the atomic cell
will require larger volume and higher vacuum and address issues
such as minimizing atom collisions with the walls and how
to attach the cell to the PIC using techniques such as anodic
or eutectic bonding or laser welding [17]. Other key issue for
this high-level of integration will be thermal management and
packaging.

Using these technologies, it may be possible to integrate
3D-MOTs for other atomic species that have advantages such
as narrower clock transitions and colder atom temperatures.
One example is *’Sr neutral strontium atoms, that require two
stages of cooling (a red 689nm MOT and a blue 461 nm
MOT) whose lasers must access successive cooling transitions
(wavelengths) to finally cool the atoms to a few microkelvin and
then use a magic wavelength lattice trap (813 nm) to reduce the
motional effects to below 107, The probe laser in this case
must be extremely low linewidth and high stability to probe the
1 mHz clock transition. Recent work has demonstrated compact
laser systems for trapped strontium ions which have a 0.4 Hz
transition, including approaches based on frequency doubling
and fiber resonators [124] and a PIC-integrated direct-drive
674nm SBS and coil stabilization reaching sub-600 Hz inte-
gral linewidth [98]. The stabilized pump laser in the form of
a hybrid ECTL [88] can be readily translated to these visible
wavelengths based on the demonstrated resonator performance.
An illustrative example of a heterogeneously integrated silicon
nitride photonic integrated chip that supports the lasers, optics,
and beam delivery for the red and blue MOTs, the magic lat-
tice and the narrow linewidth Brillouin clock transition laser is
shown in Fig. 6.
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Fig. 6. Illustrative example of a heterogeneously integrated silicon nitride chip for neutral #’Sr cold atom chip to interface with a 8’Sr
source and cell. Shown are lasers emitting at wavelengths for two-stage (blue and red) MOT cooling, magic wavelength lattice trap, and clock
transition probing with a stabilized ultra-narrow linewidth Brillouin laser. Grating beam emitters produce free space beams that can interact

with neutral ¥’Sr in a separate vacuum cell.

9. APPLICATIONS

If integrated 3D-MOTs such as the one proposed in Fig. 6 were
to be demonstrated, one could then work toward using this
platform to realize cold-atom and quantum information science
(QIS) experiments with chip-scale lasers and optical infrastruc-
ture. Different types of QIS and quantum experiments require
varying cold atom ensemble atom number and temperature per-
formance for the 3D-MOT. For example, sub-Doppler cooling
to ensemble temperatures below 20 uK enables certain types
of atom interferometry, efficient loading into lattice and optical
tweezer traps, and serves as a pre-cooling stage for BECs, and
lattice and optical tweezer traps. When the MOT is probed by
a precisely controlled 480 nm laser, the atoms can be excited to
Rydberg states for Rydberg blockade applications such as quan-
tum computer [125]. This collective excitation allows for precise
control of quantum states for computing and sensing [Fig. 7(a)].
These cold atom experiments can be used to implement inertial
sensors such as atom interferometers [126] for gravity gradient
sensing [127], Rydberg gates for quantum computing [14,128],
neutral atom clock arrays [4], 3D trapped neutral atom experi-
ments for fundamental science, including new particle discovery,
electric dipole moment (EDM) measurements and dark mat-
ter detection. Integration of these experiments and applications
will help reduce barriers to entering cold atom science, improve
experimental reliability, and enable scaling and improved sen-
sitivity, and portability for field-deployable experiments such
as mobile gravity mapping [127] and space-based time-keeping
and navigation [129].

As an illustrative example, a rubidium cold atom interfer-
ometer (AI) with an atom number over 1 x 10° [48] combined
with a sub-Doppler cooling sequence enables increasing the
time over which the colder, slowly expanding atom cloud can
be interrogated for high-sensitivity inertial measurements. In

one approach to sub-Doppler cooling, the cooling laser fre-
quency detuning and power is precisely controlled as the
magnetic field is switched off. In a light-pulse AI, the sub-
Doppler-cooled ensemble is probed with photon recoils from
stimulated Raman transitions where sequential pulses of the off-
resonant 780 nm Raman beams coherently split, redirect, and
combine atomic wave-packets to achieve matter-wave interfer-
ence. Such lasers, components, and emitters can be fabricated
using the silicon nitride platform. Phase shifts extracted from the
interference can be related to inertial forces that the MOT expe-
riences to extract, for example, local gravitational acceleration
[27]. While the cooling and repump lasers generally require
sub-megahertz integral linewidth (for resolving and locking
to sat-spec) the requirements for the Raman laser are more
stringent. The counter-propagating Raman beams probing the
cloud must be phase coherent and any relative propagation delay
due to laser frequency noise affects the interferometer sensitiv-
ity [44]. Their spatial beam profile and thereby the wavefront
flatness also influences the sensitivity [130]. PIC-based beam
intensity uniformity, measured to be <12% in 80% of the mode
area in Ref. [43], is subject to fabrication tolerances and will
require further beam profiling studies. Al experiments often use
lower-noise bulky ECDL lasers as other semiconductor lasers
may introduce noise contributions otherwise dominated by sen-
sor vibration noise [131]. Significant efforts have been made
toward developing compact laser systems for atom interferom-
etry, including demonstrations of “single seed laser” operation
with multiple modulators for generating and probing the MOT
[27,132] as shown in Fig. 7(b). This has been achieved with
frequency-doubled low-noise 1560 nm lasers with silicon pho-
tonics modulators [27] and with bulk-optic single-sideband
modulators. In a direct-drive 780 nm Al-system-on-chip, using
the laser and photonics technologies described in this paper, one
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can envision using tunable photonic-integrated reference cavi-
ties for precisely controlling laser frequency and high extinction
ratio, modulated, multi-ring filters as shutters [76,108]. These
building blocks can form the basis for more integrated com-
ponents specific to more complex Al demonstrations such as
optical lattice Als [126] based on ultra-cold BECs which require
additional beams for cross dipole traps. With an optical lattice
atom interferometer architecture [119], various lasers as shown
in Fig. 7(c) are required for a cross-dipole lattice trap, where fre-
quency shifting of counter propagating beams relative to each
other provide the moving grating used for the shaking func-
tion. Other lasers are used to create the cold atom BEC and
must be sequenced with the cross-dipole trap to realize the func-
tions of beam splitter, interferometer arm transport, mirror, and
recombining.

10. DISCUSSION AND FUTURE PROSPECTS

With recent advances in visible light to IR photonic integration
technology, 3D-MOTs, one of the primary tools for creating
large populations of cold atoms for quantum and atomic exper-
iments, are poised to undergo a major transformation. The
performance and degree of integration possible today can move
the laser, optics, and functional building blocks of the 3D-MOT
as well as the MOT itself to the chip scale. Such advances will
enable portable, compact cold-atom experiments and greatly
improve the reliability and scalability of a wide range of atomic,

molecular, and AMO tools. In this paper, we reviewed the basics
components and functions of the MOT and the potential for inte-
gration of the laser and optics portion of the 3D-MOT using the
ultra-low loss silicon nitride platform and touched briefly on
advances in miniaturization of atom generation and vacuum cell
technology in the context of creating rubidium cold atoms.

Key challenges for these photonic integration technologies
include expanding wavelength operation down to 200nm to
enable production a wider range of cold-atom species and further
loss reduction at the lower end of visible wavelengths. Differ-
ent wide bandgap material systems, such as tantalum pentoxide
(tantala) and aluminum oxide (alumina) have made progress
in loss reduction and demonstration of lasers and other simple
building blocks. The silicon nitride platform as of today is more
mature and capable of realizing the complex building blocks
and complete integration of the MOT. Realization of high-power
(>500 mW) integrated lasers is important for accessing certain
transitions and cooling and trapping certain atomic species.
Examples of this include the two-photon Rb transition requir-
ing over 10 mW delivered to the atoms [66] as well as optical
lattices for certain types of atom interferometers which may
require over 10 W at 1064 nm [134]. In order to improve quan-
tum experiment sensitivity, it is often required to increase the
number of cooled atoms, and larger grating beam emitters over
6 mm are desirable. However, such increased grating sizes pose
numerous challenges related to fabrication. Realizing grating
emitters at shorter wavelengths toward the UV pushes the limits
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Fig. 8. Integrated photonic-atomic system interfaced with an
optical tweezer chip containing an array of small focusing grating
emitters.

of today’s wafer-scale photonic lithography processes. Remain-
ing challenges include attaching micro-atomic cells to photonic
integrated circuits, further integrating atomic sources and vac-
uum into the chip, and integrated atom fluorescence detection
and imaging. As the complexity of controlling all functions on a
single chip increase, machine learning algorithms may become
increasingly important [135]. Other transformative extensions
can include planar optical integrated optical tweezer arrays [136]
to trap individual atoms formed in the 3D-MOT as illustrated
in Fig. 8. Due to the large silicon nitride transparency win-
dow of 405 nm-2350 nm [36], the PIC can be modified to work
with other wavelengths by changing the waveguide width in the
nitride patterning lithography mask, opening the potential to
scaling to other atom species including cesium, strontium, bar-
ium, calcium, and ytterbium. By translating today’s 3D-MOT
table-top lasers and optical infrastructure to the chip scale, the
reliability, scalability, and compactness of this critical heart of
QIS experiments can be transformed. New photonic integra-
tion will also enable augmenting these compact 3D-MOTs with
additional experimental chip-scale apparatus for further atomic
trapping and manipulation stages for compute, sensing and other
atomic applications, as well as the potential to control atoms in
ways not possible with table-top, bulk-optic free space optics.
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