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ABSTRACT

A low-cost, mass-producible laser-cooling platform would have a transformative effect in the burgeoning field of
quantum technologies and the wider research of atomic sensors. Recent advancements in the micro-fabrication of
diffractive optics and vacuum apparatus have paved the way for a simple, stackable solution to the laser cooling
of alkali atoms. In this paper we will highlight our recent investigations into a chip-scale, cold-atom platform,
outlining our approach for on-chip wavelength referencing, examining a solution for imaging atoms in a planar
stacked device, and finally discussing the limitations to passively pumped vacuum longevity. These results will
be discussed in the context of an outlined road-map for the production and commercialisation of chip-scale,
cold-atom sensors.
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1. INTRODUCTION

The realisation of laser cooling has enabled a revolution in the capabilities of precision metrology.1–3 The sig-
nificantly reduced velocity distribution of cold atom samples enables trapping and probing of atoms with long
interrogation times and narrow frequency features. As well as being a critical tool in timing, laser cooled atoms
provide increased performance in interferometry for measurements of acceleration, rotation and gravimetry.4 It
is the increased stability and precision found in cold atoms that place them at the forefront of current endeavours
in quantum computers and quantum simulations.5,6

A common work-horse that is used as the primary step in cooling atoms below milli-Kelvin temperatures is
the magneto-optical trap (MOT).7–9 In the MOT, red-detuned laser light is used to impart momentum kicks
on the atoms by optical pumping through cycling transitions, taking momentum from the interacting atoms in
the process. A gradient magnetic field is required to provide a spatially varying scattering force through the
Zeeman effect. Laser cooling is typically carried out with 6 laser beams in a retro-reflected configuration to
satisfy 3 dimensional cooling, which ultimately requires a sizeable optical footprint. Furthermore, the atomic
source being laser cooled requires a clean vacuum environment, with total background pressures typically be-
low 10−7 mbar to reduce thermal collisions that would hinder the cooling process. The vacuum environment is
commonly provided in a stainless-steel chamber, with sufficient optical access, mechanically pumped-down to
ultra-high-vacuum (UHV) pressures. The UHV pressures of the chamber is subsequently maintained by active
pumping with an ion pump. Overall, these critical components at the core of laser cooling require a significant
size, weight, and power (SWaP) consumption to provide a suitable environment for cold-atom metrology.
This paper will look at the recent advancements that have been made to miniaturise laser cooling at the Uni-
versity of Strathclyde and within the wider atomic physics community, with a specific focus on micro-fabricated
components that facilitate the mass production of cold-atom platforms. Additionally, the outlined vision for
chip-scale atomic sensors will highlight current research that has the capability to provide a step-change in
quantum technology.
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2. A MASS PRODUCIBLE COLD-ATOM PLATFORM

In this section we outline our vision for a fully chip-scale, cold-atom system constructed around components that
can be micro-fabricated for mass production and reproducibility at a low cost. The vision of a fully integrated
system, shown in Figure. 1, is presented as a 4-inch diameter wafer stack. The wafer stack is anodically bonded
in a glass-silicon-glass sandwich. This method of forming a hermetic seal between the glass-silicon interface has
been well established in micro-electro-mechanical-systems (MEMS),10 pioneering the advancement of miniature
vapour cells for clocks,11,12 magnetometers13 and wavelength references.14,15 In our presented road-map, a 5 mm
thick silicon wafer has two independently-etched cavities for atomic spectroscopy and laser cooling, highlighted
in inset (i) and (ii) respectively.
In previous literature, MEMS vapour cells have typically been formed from silicon anodically bonded to borosil-
icate glass (BSG) due to its large ion content enabling bonding at ∼300 ◦C, as well as possessing a coefficient
of thermal expansion that is well matched to silicon.16,17 Recent work has shown that compatibility of alumi-
nosilicate glass (ASG) for MEMS vapour cells, while exhibiting a significantly reduced helium permeation rate
compared to borosilicates.18 Although ASG is not an essential component for thermal atom vapour cells, the
reduced helium permeation provides an improved pressure longevity for passively pumped cold atom cells,19,20

that would otherwise be rapidly degraded by the permeation of atmospheric helium. Additionally, ASG has been
demonstrated to produce a hermetic anodic bond with silicon at temperatures as low as 150◦C when doped with
a larger alkali ion content,21 expanding the compatibility of MEMS cell technology with integrated components
that cannot sustain a high bonding temperature.
Prior to cell closure, an alkali source must be added to each cell by a deposition method that is compatible with
mass production. As such, we discuss simple, mass producible methods for clean alkali deposition in MEMS
UHV cells in Section 5. After wafer bonding, a copper pinch off tube is adhered to a hole drilled in the upper
glass of the laser cooling cell. This enables the cell to be pumped-down to UHV by a larger pumping apparatus,

Figure 1. An illustration of a micro-fabricated laser cooling platform on a 4-inch diameter, 6 mm thick wafer stack.
The stack is composed of a aluminosilicate glass (ASG)-Si-ASG sandwich. A distributed-feedback (DFB) laser is surface
mounted and locally temperature stabilised. The output light is coupled into a 90:10 fibre splitter for cooling and
spectroscopy respectively. The output of the spectroscopy fibre is collimated and aligned into a polarising-beam-splitter
(PBS). The PBS reflects the light into an elongated, wet-etched spectroscopy cell for wavelength referencing. The output
of the cell couples through a second PBS and is retro-reflected from a surface bonded mirror. The cooling fibre arm is
modulated through an electro-optical-modulator (EOM) with fibre in and out. In this illustrated roadmap we visualise
the output of the cooling fibre being coupled through a slab-mode photonic chip, although this technology requires further
development time. The output of the chip is aligned onto a micro-fabricated grating chip, housed inside a pre-evacuated
ultra-high vacuum cell. The cell has been pumped-down through a copper pinch-off tube, which is then cold-welded shut
to isolate the cell. Planar-aligned anti-Helmholtz coils are deposited on the glass surfaces to provide a sufficient gradient
magnetic field for laser cooling. Inset (i): Cut-away illustration of the wet-etched, elongated spectroscopy cell for laser
locking. Inset (ii): Cut-away illustration of the UHV cell, etched into the silicon wafer and pre-evacuated to suitable
vacuum pressures for laser cooling. Inset (iii): Close-up of the alkali pill and non-evaporable-getter (NEG) chambers used
within both the spectroscopy and laser cooling cells to control the vacuum and alkali environment.
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then sealed by a cold-weld for vacuum isolation.
Following the formation of the wafer stack, optical components can be adhered to the upper glass surface. In our
presented vision, a single distributed-feedback (DFB) laser is adhered to the upper glass surface, with aluminium
deposited on the surface below for localised temperature stabilisation of the laser. Recent work has demonstrated
chip-scale DFB lasers with line-widths and output powers compatible with laser cooling of rubidium.22 The de-
creased thermal conductivity of the surrounding glass wafer enables a fast time constant for thermal feedback
through the locally deposited aluminium below the laser body. The wavelength of the DFB is centred around
780.24 nm to address the cooling transition of D2

87Rb. Additionally, the current is modulated at ∼6.5 GHz
to provide 5 % sidebands for the re-pumping transition. The fibre output of the DFB is connected to a fibre
splitter and divided into two arms, with a 90:10 ratio, for laser cooling and wavelength referencing respectively.
An optical isolator (OI) may be added at the output of the DFB fibre to reduce etaloning effects from reflective
optics further down the path. One arm of the fibre splitter is collimated and aligned through a half-waveplate and
a surface-adhered polarising-beam-splitter (PBS). The reflected light from the PBS is coupled into an elongated
vapour cell, discussed in Section 3. The cell contains rubidium vapour to enable laser frequency stablisation with
saturated absorption spectroscopy.
The second arm of the fibre splitter can be connected to a phase electro-optical modulator (EOM) to provide
side-bands at 6.8 GHz, with an equal amplitude to the carrier frequency, for future clock measurements with
coherent population trapping (CPT) on the Rb D2 line.23,24 Ideally, the light is then coupled into an apodised
grating within a photonically integrated circuit (PIC).25 Such chips have demonstrated the ability to couple light
out of a waveguide and into free-space in a collimated, Gaussian mode with a ∼3 mm beam waist.26 While the
cell and grating chip technology outlined in this road-map are built around existing technology, the PIC has
not yet reached a technology readiness level that could output a beam width compatible with laser cooling in a
GMOT. The progress of this research to date is outlined in Section 4.
The collimated light propagates through the laser cooling cell, etched into the silicon surface. However, this cell
has been pre-evacuated and pumped down to ultra-high-vacuum (UHV) through the pinched-off copper tube
adhered to the upper glass surface. An alkali atom background density is provided from an externally activated
micro-pill dispenser, with the UHV pressure being maintained through passive pumping by non-evaporable-
getters (NEGs). The laser light is incident upon a micro-fabricated grating chip, which provides the additionally
required laser beams for 3 dimensional cooling by diffracting the incident light at angles relative to the period of
the gratings etched into the chip surface.27 The technical aspects of the laser cooling components are discussed
in Section 4.

3. LASER LOCKING AND FREQUENCY CONTROL

Devices relying on an atomic wavelength reference are widely implemented in the measurement of magnetic
fields,28 time,29 rotation30 and length,14 finding application in navigation, geological surveying, medicine, com-
munication and finance. Well defined atomic transitions can be extracted from atomic vapour using techniques
such as saturated absorption spectroscopy. The alkali source under interrogation is typically contained within a
10 cm long glass-blown cell, to provide sufficient absorption of resonant light within the alkali vapour, as given
by Beer-Lambert law I(x) = I0 exp (−αx), where I(x) is the intensity of the light at position x, I0 is the incident
beam intensity, and α is the absorption coefficient; dependent on the frequency of the incident light and the
temperature of the atomic medium. Saturated absorption spectroscopy in such glass-blown vapour cells has
demonstrated a frequency stability of 3×10−12 τ−1/2,31,32 where the short-term limitation was attributed to the
frequency modulation of the laser diode for locking electronics.
In the past decade, significant effort has been made to miniaturise atomic wavelength references through the
development of micro-fabricated alkali vapour cells.10 The realisation of miniature vapour cells has paved the
way for chip-scale atomic clocks and commercial atomic products.11 However, these miniaturised packages are
typically limited in performance by a poor signal-to-noise ratio resulting from the short absorption path length
in straight lined, ≈2 mm thick silicon cells,17 resulting from technical difficulties and etch times for dry and wet
etch processes respectively. The theoretically expected absorption for different cell path lengths are highlighted
in Fig. 2 (a), with an illustration of the cell geometry and optical path length in (b)-(d). For each of the simulated
absorption spectra the cell temperature was set at 20◦C. The absorption of the 10 cm glass-blown cell, shown
in black, reaches a maximum absorption of 50%, whilst the 2 mm MEMS cell is less than 5% under the same
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Figure 2. (a): Theoretical Doppler absorption at 20◦C for cells with an optical path length of 2 mm, 4 cm, and 10 cm for a
single pass MEMS cell, elongated light routed MEMS cell, and standard glass-blown cell respectively. (b)-(d): Illustration
of optical interogation and path length from cell geometries.

conditions. However, a more comparable absorption to the glass-blown cell can be achieved in the 2 mm MEMS
cell when heated to 60◦C. Although some performance gains can be reclaimed by increasing the vapour density
via external heating of the cell, the heating apparatus requires additional circuitry, heaters and electrical power
consumption, degrading the SWaP footprint of the device. Recent literature has overcome the performance of
standard sub-Doppler spectroscopy of alkali atoms by demonstrating an optical wavelength reference in a Rb
MEMS cell using two-photon spectroscopy to demonstrate an instability of 1.8×10−13 τ−1/2.33

Alternative geometries have also been explored to increase the path length, such as taking advantage of the
anisotropic wet etch of the {111} crystallographic plane at 54.7◦ in an elongated cell.15 However, since incident
orthogonal light will not be routed through the long axis of the cell at this angle, a diffraction grating is etched
into the upper glass wafer, providing a significant over complication in fabrication, cost, wafer alignment and
yield.
A simplified scenario that we are currently pursuing in our chip-scale cooling apparatus will use angled walls
to route light through the long axis of the vapour cell without the need for additional complexity such as the
diffractive optical element used in Ref.15 Our proposed scheme will use angled silicon walls, coated in evaporated
Al reflectors, to route light through a 4 cm long vapour cell. The end of the cell will incorporate a reflective sur-
face to retro-reflect the light back along the incident beam to enable saturated absorption spectroscopy for laser
locking, as shown in Fig. 2 (c). The expected absorption for this cell is shown in Fig. 2 (a) in blue, demonstrating
a significant improvement on the standard 2 mm thick MEMS cell geometry without the need for additional cell
heating.
An additional novelty that we will investigate in the spectroscopy cell is the ability to offset lock the laser in
real time with an external magnetic field to perturb the atomic resonance frequency. The reproducible control
of the laser frequency lock point in real time could potentially be used for frequency ramps required in optical
molasses within the cold atom cell, in turn mitigating the need for additional optical components further down
the manufacturing line.

4. OPTICAL COMPONENTS FOR LASER COOLING

In recent years, significant effort has been placed on the miniaturisation of laser cooling optics to facilitate sensors
being brought out of the laboratory environment and into society where they will have the largest economic and
technological impact. A primary advancement to the miniaturisation of optical components in laser cooling is
the pyramid MOT.34 The pyramid MOT takes a single incident beam, with a beam waist that fills the surface
of a conical structured mirror, where the reflected light provide the required additional orders for 3-dimensional
laser cooling. However, since the cold atom sample would form inside the pyramidal structure, optical access is
difficult for imaging and probing the cold sample. To overcome this, the angle of the mirrors can be reduced to
a tetrahedral configuration, where the optical overlap region is then out and above the mirrored structure for
clear optical access.35 A more recent advancement that follows this route is the grating magneto-optical-trap
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Figure 3. Cooling and imaging schematic used for the MEMS-GMOT platform. The side view illustrates the wafer stack,
composed of a 3 mm thick silicon wafer sandwiched between two aluminosilicate (ASG) glass wafers. The single incident
beam is aligned onto the grating chip, below the glass window, with a hole cut at the centre for absorption imaging. The
stackable imaging system collimates the MOT fluorescence with fObj placed immediately below the grating hole. The
MOT signal is then focused onto the CCD, while the laser light is collimated at this point. This lens configuration could
be replaced with micro-fabricated Fresnel lens, etched into the glass wafer. The top view shows a 20 mm diameter grating
chip, with a 2 mm cut central hole for imaging. The MEMS cell is fabricated to have a wide enough vacuum region to
house the full grating chip surface.

(GMOT).36 Similar to the pyramidal MOT, the GMOT reduces the 6 laser beams used for 3-dimensional laser
cooling down to a single incident beam. However, rather than using the reflected orders from a mirror surface, the
GMOT uses the diffracted orders from a grating chip, where the incident light is diffracted at an angle relative
to the grating period. This is advantageous to minimising the footprint of laser cooling, as the required optical
component is now planar. The scalability of the GMOT has been emphasized further by the micro-fabricated
GMOT chips, etched into silicon substrates and coated in reflective metals, capable of trapping 106 atoms at
3 µK,27,37 with atom numbers as large as ∼ 108 having been previously shown.38 This technology is now a
commercially available product.39

Previous work has shown the compatibility of micro-fabricated GMOT chips with MEMS UHV cells for laser
cooling of 85Rb.40 However, the miniaturised components have a restricted optical access, such that atom num-
ber extraction is non-trivial due to the remaining imaging angles being dominated by surface scatter from the
grating and cell surface. In previous work, imaging of the MEMS GMOT was achieved using a two-photon
process to drive atoms through a cascade at 420 nm. The addition of a narrow band-pass filter at 420 nm to the
imaging optics ensures that only atomic fluorescence is captured during imaging, resulting in background-free
images of the cold atom sample. However, although the cold atom sample can be resolved in this apparatus,
direct evaluation of the trapped atom number is frustrated by the non-trivial optical pumping scheme.
Our recent research has looked to enable a simple method for atom number extraction in this stacked apparatus
by laser cutting a hole in the grating chip centre. Once a cold-atom sample is loaded in the cell, the single incident
cooling beam intensity is dropped to enable absorption imaging through an objective lens placed immediately
behind the grating hole. An illustration and top down view of the platform is shown in Fig. 3. The light is then
imaged onto a CCD, permitting quantative analysis of the MEMS-GMOT dynamic range and enabling further
investigations into system optimisation.41 This simple imaging method has been used to resolve a MEMS-GMOT
atom number of ≈ 5 × 105 atoms. The amalgamation of these micro-fabricated components forms an ideal po-
tential platform for future chip-scale atomic sensors. However, methods for coupling the incident laser light in a
compact manner remain ambiguous.
Solving a chip-scale method for the generation, shape and direction of the incident light has recently been
investigated with planar optics.42 The light source is first injected into a nano-photonic waveguide within a
photonically integrated circuit (PIC), that is etched into a SiN substrate. This technology has been previously
demonstrated with MEMS vapour cells in Ref.14 The PIC routes light through a SiN slab-mode and into an

Bregazzi, A., Dyer, S., Griffin, P. F., Burt, D. P., Arnold, A. S., Riis, E., & McGilligan, J. P. (2021).  
Enabling the mass production of a chip-scale laser cooling platform.  

In M. J. Padgett, K. Bongs, A. Fedrizzi, & A. Politi (Eds.),  
Proceedings Volume 11881, Quantum Technology, Driving Commercialisation of an Enabling Science II SPIE. 

https://doi.org/10.1117/12.2601340

5



apodised diffraction grating, which couples the light into free-space with a collimated Gaussian mode. Although
the output beam was collimated with a 1/e2 waist of 140 µm and 4◦ angle with respect to the chip surface,
further investigations have looked at large area grating couplers that would be well suited to stackable cold atom
sensors.26 To circumvent the small beam waist, the authors of Ref. [42] employ a metasurface lens, which expands
the beam profile while converting the Gaussian shape to a flat-top. The flat top beam is then expanded to fill
the surface of a GMOT chip for laser cooling. However, a divergence angle of 7.6◦ from the metasurface requires
a long expansion distance for the incident beam to fill the surface of a 2 cm wide grating chip.
Our current investigations have explored the capability of the GMOT to handle diverging beams from standard
refractive optics, with a similar divergence angle and distance to Ref.42 producing a GMOT. However, signifi-
cantly wider angles of incident divergent beams may be achievable for laser cooling with a grating chip if novel
grating geometries are employed, such as a chirped grating period combined with a binary-blaze profile ramp.
Such novel grating chips would facilitate a wider range of potential light coupling methods that would better
meet the needs of a chip-scale cold-atom apparatus.

5. VACUUM LONGEVITY FOR COLD ATOM CELLS

To aid the longevity of the UHV MEMS cell, whilst remaining compatible with mass production, a simple so-
lution must be provided for alkali deposition and passive pumping. The first of these topics to be discussed are
the methods of providing a clean alkali vapour density within the cell.
The alkali vapour content in cold-atom experiments is typically provided by an ampoule source or resistively
heated alkali-metal dispensers (AMDs).27,43 However, the need for electrical feedthroughs to activate AMDs, as
well as the difficultly of handling alkali ampoules in air, make these unattractive options for chip-scale produc-
tion. Existing literature has shown the compatibility of azide and chloride compounds with MEMS cells due to
their dispensing simplicity during cell fabrication.10,44 However, the disassociation of alkali azide produces an
abundance of N2 buffer gas. Although this may prove favourable for vapour cell clocks and magnetometers, the
presence of buffer gas would be detrimental in a cold-atom system.
A simple approach to atomic sourcing is the commercially available solid alkali pill, capable of in-air handling
and external activation with no significant byproduct atomic species produced.45 The reduced complexity of
incorporating the pill into the pre-bonded cell, as well as the ability to avoid electrical feedthroughs, make this
approach a promising candidate for future chip-scale sensors. The activation routes available for alkali pill dis-
pensers are highlighted in Fig. 4 (a)-(c). The first option shown is the activation of the Rb pill prior to cell
closure. The pill is placed inside the pre-bonded Si-ASG cavity and laser heated. During activation the cell is
kept at a lower temperature than the surrounding vacuum to enable Rb condensation within the cell, whilst the
non-Rb contaminants (N2 and CO) are pumped away by the larger vacuum. The upper glass is then brought
into contact with the Si wafer and anodically bonded. This bonding method is known to release an unspecified
amount of O2 from the edges of the bonding interface, where free oxygen atoms do not join with the Si sub-
strate.20,46 This unwanted oxygen content will rapidly deplete the neutral Rb vapour density by forming Rb2O.
It is worth noting that this method has the additional risk of contaminating the bonding surface during the pill
activation, which can potentially impact the yield and hermeticity of the cell. To avoid surface contamination,
the pill can instead be activated post-bonding, as shown in Fig. 4 (b). However, in this scenario there is no
route to remove the non-Rb elements released during pill activation, which will ultimately limit the vacuum
pressure and device stability. A simple route to overcome these issues, shown in Fig. 4 (c), is the addition of a
NEG pill to sorb the unwanted contaminants from pill activation and the oxygen released during bonding. This
enables post-bonding activation while providing a simple route to alkali deposition on the wafer-scale. Due to
this simplicity, alkali sourcing from solid state pills is now widespread in vapour cell fabrication,14,29,47,48 with
recent industrial transfer of vapour cell technology that incorporate an alkali pill source.49

Alternative atomic sources exist in the form of recently demonstrated graphite reservoirs. Highly-oriented-
pyrolytic-graphite (HOPG) is an attractive candidate from atomic sourcing due to its selective intercalation of
alkali atoms, enabling the diffusion of Rb into the bulk of the graphite when heated. Such atomic sources have
been demonstrated recently as viable atomic sources for laser cooling apparatus after loading the HOPG from a
liquid ampoule source.50

An exciting development in graphite based alkali sourcing is the alkali-ion battery (AIB). The AIB utilises
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Figure 4. Rubidium cell deposition options. (a): Pill is laser heated before the cell is hermetically sealed. Temperature
gradients between the external vacuum and MEMS cell walls can then be used to evacuate the non-Rb contaminants
(N2,CO in this example) while condensing the metal Rb within the cell. Anodic bonding then seals the cell closed with
a Rb vapour density. The anodic bonding process provides an additional O2 contaminant into the cell. (b): The cell is
anodically bonded for a hermetic seal prior to pill activation. Once sealed, the pill is laser heated, releasing both the Rb
and non-Rb elements into the vapour. (c): A NEG and pill combination are deposited into the cell prior to cell sealing.
Both the pill and NEG are laser heated, such that the non-Rb and O2, produced during the bonding process, diffuse into
the NEG bulk and form stable chemical compounds that are irreversible to diffuse back out of the bulk. This leaves a a
pure Rb vapour density behind in the cell.

electrode plated electrolyte connected to a graphitic reservoir as a voltage controllable source of neutral al-
kali atoms.51 The reversible electrochemical disassociation/recombination at the electrode-electrolyte interface
enables sourcing and sinking of the alkali content from the reservoir and vacuum environment, permitting a
micro-fabricated solution to alkali recycling and density regulation. Recent work has demonstrated the sourcing
of a MOT directly from an AIB source,52 with sourcing and sinking time constants on the order of 1 s.53 When
coupled to a small vacuum system, such as that proposed, the AIB could both potentially extend the vacuum
lifetime by providing a clean alkali source and enable a wider field of deployment by regulating the density
against environmental temperature fluctuations. However, due to the requirement of electrical feedthroughs for
the voltage control of the electrochemical reaction, this device is currently unfavourable for a simple, anodically
bonded wafer stack. As such, we propose the best current candidate for atomic sourcing in a mass producible,
chip-scale cooling platform as the solid alkali pill, where the silicon frame can be etched to house the pill for
external activation from laser heating. An example of the pill chamber is shown in Figure. 1, inset (iii), where
zig-zag channels provide a fluid connection to the main cell without a direct line of sight to reduce any contam-
inant spray during activation. The second consideration for vacuum environmental control in the MEMS cell is
vacuum pumping. In the absence of active vacuum pumping, the internal cell pressure is rapidly degraded by
permeation, material out-gassing and adsorption of contaminants from vacuum surfaces. Typically, a cold-atom
vacuum system is maintained by an ion-pump, accelerating electrons between a cathode-anode potential in a
magnetic field to ionise and getter elements within the vacuum. However, an applied voltage on the order of a
kV is typically required, as well as there being a substantial gradient magnetic field, which is unfavorable in the
presence of any atomic spectroscopy. As such, the complexity and vacuum volume associated with ion pumps
make these an unattractive candidate for chip-scale devices.
Alternatively, passive pumping materials such as NEGs have recently been demonstrated as being capable of
extending the vacuum lifetime of cold-atom systems.19 The commercially available NEG pills contain a getter
reducing agent, composed of 84% Zr and 16% Al. The getter material is capable of chemically sorbing vacuum
pollutants from the vacuum environment into the bulk of the pill. Once vacuum impurities, such as N2, CO,
and O2 diffuse into the NEG pill they undergo irreversible chemical reactions that lock them inside the getter
material.54 Although H2 will also sorb into the NEG bulk, the H2 does not form a stable chemical compound
that would effectively lock it within the getter bulk. Instead, the diffusion of H2 into the bulk of the pill can be
reversed by further heating of the NEG.54

Recent literature has shown that when a single NEG pill was laser activated in a MEMS UHV cell, an order
of magnitude improvement was observed on the detection time of the cold-atom sample.19 However, the NEG
materials are not capable of pumping noble gasses, such as helium, placing the necessity on helium-impermeable
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materials for the cell fabrication.
Due to the attractive properties of NEGs, they have been placed at the centre of recent ventures in compact
cold atom apparatus.55,56 The results in Ref.55 use a large pumping-rate, electrically-activated NEG within
a machined titanium chamber, of volume 320 cm3, to demonstrate a detection time of the cold-atom sample
exceeding 200 days when purely passively pumped. Although this is a very promising result for NEG perfor-
mance, the electrical feedthroughs are unfavourable for a chip-scale apparatus, such that the NEG pill option is
preferred. Additionally the machining of the Ti vacuum body, and attachment of commercial vacuum windows
restricts the scalability of this vacuum apparatus to the chip-scale. However, the robust nature of the vacuum,
and large atom number, make this platform an ideal base for portable and compact quantum sensors.57

A second approach to miniaturised, passively pumped vacuum apparatus is the centilitre-scale, ceramic chamber
discussed in Ref.56 With easy optical access and a mass producible vacuum body, the 40 cm2 ceramic chamber
has shown a UHV pressure longevity on the order of a year with a single NEG. Although measurements of the
cold atoms were not taken during this window, the demonstration of the vacuum pressure longevity over this
time period remains a promising insight to the capabilities of NEG compounds in low-He permeable chambers.
A final notable candidate for future compact, passively pumped vacuum chambers are discussed in Ref.58 Here,
the authors demonstrate a simple method of 3D printing custom vacuum chambers that are capable of attaining
UHV pressures for laser cooling. Currently the scalability of these chambers is limited by the necessity of stan-
dard CF window ports. However, it is conceivable that this could be mitigated to further reduce the footprint
of the custom chamber designs. With a weight of just 0.25 kg and no significant out-gassing measured,59 this
platform remains an attractive future candidate for compact sensors, compatible with passive pumping.
Whilst significant miniaturisation has been achieved in the highlighted apparatus, the MEMS GMOT coupled
system remains a favourable candidate to facilitate a mass-producible, chip-scale cold atom platform with a
significantly reduced volume (2.4 cm3) and weight (∼0.1 kg), while maintaining a competitive atom number.

6. CONCLUSION

In conclusion, we have highlighted our road-map for the mass-production of a chip-scale, cold-atom platform.
The novel wavelength reference being developed at the University of Strathclyde provides an attractive approach
to on-chip frequency stabilisation, with the potential for real-time offset control studies in the near-future.
Additionally, we have recently shown that the coupling of the MEMS UHV cell and GMOT chip can trap 5×105

atoms, as measured with absorption imaging through a hole cut at the grating centre. The capabilities of passive
pumping with NEG materials in this apparatus will be investigated further, with an outlook of systematic
improvements to aid the vacuum longevity.
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