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atural resources such as water, minerals, and petroleum can be detected passively using 
sensitive gravimeters that measure local variations in gravity. Gravimeters are used in mining 
and resource exploration to detect subsurface density variations that indicate critical mineral 

reserves. They are crucial for geodesists to determine geodetic heights referenced to sea level, or 
water levels in the Great Lakes, which strongly affect the shipping industry [1]. Gravimeters are also 
essential to geophysicists for detecting dynamic mass transport phenomena, including tectonic uplift 
due to glacial recession [2], volcanic activity [3, 4], solid-Earth tides and ocean loading effects [5]. The 
Canadian Geodetic Survey Division at NRCan has a vital need for precise and stable absolute 
gravimeters to replace its aging fleet of “classical” instruments. 

Classical free-fall gravimeters operate using an optical Michelson interferometer with a free-falling 
corner-cube reflector as the test mass [6]. Although they have been the industry standard since the 
1990s, classical gravimeters are prone to long-term drift and require periodic recalibration/repair due 
to mechanical wear and tear. For example, the Micro-G LaCoste FG5-X requires servicing after 
106 drops (or after ~16 weeks at 10 s per drop) [7]. Quantum gravimeters have only recently 
emerged on the market [8, 9]. These devices are the quantum analog of classical free-fall 
gravimeters: they use a cloud of laser-cooled atoms instead of a macroscopic test mass. They are also 
self-referenced to quantum properties of the atoms; thus, they do not require recalibration, have no 
moving parts, consume less power, have a higher repetition rate (2 Hz or 0.5 s per drop), and can be 
operated remotely without intervention for years. These features make quantum gravimeters 
attractive for remote monitoring applications operated by non-expert users. 

Canadian academics and high-tech companies continue to make important contributions to quantum 
sensing technologies [10], but there has been surprisingly little work on cold-atom-based gravimeters 
in Canada [11-13]. Several countries have developed portable atomic gravimeters (e.g., France [14], 
USA [15], China [16], Germany [17], United Kingdom [18], Singapore [19]), with some already offering 

N 



148 • PHYSICS IN CANADA     VOL. 81, NO. 2 (2025)     LA PHYSIQUE AU CANADA • 148 

CANADA’S FIRST PORTABLE QUANTUM GRAVIMETER … BARRETT (ET AL.) 

commercial products [9]. NRCan recently acquired an Exail AQG (model B13) as part of Canada’s 
growing investment in quantum technology, but at $750k CAD per unit the current cost makes 
widespread deployment prohibitive. 

Cold-atom-based gravimeters have been operated on moving vehicles and successfully produced high-
resolution gravity maps [20, 21]. Real-time gravity data is a crucial component of autonomous (GPS-
free) navigation systems, which ensure robust positioning in the presence of adversarial spoofing or 
jamming. The Department of National Defence (DND) has identified quantum sensors as a critical 
technology for the defence and security of Canada and her allies. Thus, developing sovereign quantum 
sensing technology is both timely and necessary. 

In this article, we present progress toward the development of two quantum gravimeters at the 
University of New Brunswick (UNB): a 1st-generation table-top instrument that will act as a high-
accuracy gravity reference, and a 2nd-generation field-deployable instrument – the first portable 
quantum gravimeter designed and built in Canada. 

MEASURING GRAVITY WITH MATTER-WAVE INTERFEROMETRY 
A cornerstone of quantum mechanics is the wave-particle duality of matter: all building blocks of 
matter (electrons, quarks, protons, atoms, etc.) can behave as both particles and waves. An atom 
moving relative to an observer can be represented as a “wavepacket” with a so-called de Broglie 
wavelength that is inversely proportional to its mass and velocity. Here, the amplitude of the 
wavepacket at any point in space represents the probability of finding the atom at that point. A 
quantum gravimeter relies on the interference between two atomic wavepackets in a matter-wave 
interferometer: the analog of an optical interferometer where the roles of light and matter are 
reversed. 

Figure 1 depicts the matter-wave interferometer most widely used to measure gravity: the Mach-
Zehnder configuration [22]. This atom interferometer relies on the coherent transfer of photon 
momentum to the atoms using optical Raman transitions between two long-lived ground states |1⟩ 
and |2⟩. Light pulses stimulate atoms in state |1⟩ to absorb a photon along one direction 𝒌𝒌1 and emit a 
photon along the opposite direction 𝒌𝒌2—causing a transition to state |2⟩. During this process, the atom 
“recoils” and picks up two photons of momentum: ℏ𝒌𝒌 = ℏ(𝒌𝒌1 − 𝒌𝒌2). The Mach-Zehnder configuration 
consists of three light pulses, each separated by a free-fall time 𝑇𝑇, as shown in Fig. 1(a). The first pulse 
carries out the role of a beamsplitter in an optical interferometer, which creates an equal 
superposition of the two states. The second light pulse acts as a mirror, exchanging the population 
between the two states and redirecting the wavepackets back toward one another. The final 
beamsplitter pulse recombines the wavepackets by “closing” the interferometer pathways—causing 
them to interfere. This generates two possible output “ports” where the atom can be found, one 
corresponding to state |1⟩ with probability 𝑃𝑃1 = |⟨1|𝜓𝜓⟩|2, and the other to state |2⟩ with probability 
𝑃𝑃2 = |⟨2|𝜓𝜓⟩|2. These probabilities can be measured with a resonant detection pulse, as shown in Fig. 
1(a). This leads to complementary interference fringes in the probabilities: 𝑃𝑃1,2 = 1

2
(1 ± 𝐶𝐶 cos∆Φ), 

where 𝐶𝐶 is the contrast of the interference fringes, as shown in Figs. 1(b) and 1(c). The total phase shift 
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∆Φ is given by the sum of the laser phases 𝜙𝜙𝑖𝑖 = 𝒌𝒌 ⋅ 𝒓𝒓(𝑡𝑡𝑖𝑖) + 𝜑𝜑𝑖𝑖  imprinted on the atoms along the mid-
point trajectory of the interferometer: ∆Φ = 𝒌𝒌 ∙ 𝒈𝒈 𝑇𝑇2 [23], where 𝑇𝑇 is the free-fall time between light 
pulses. 

Since this phase scales as 𝑘𝑘𝑇𝑇2, and 𝑘𝑘 ≈ 4𝜋𝜋/𝜆𝜆 ~ 107 rad/m for commonly used transitions in alkali-
metal atoms, very precise measurements of 𝑔𝑔 can be obtained by measuring this phase shift for large 
𝑇𝑇 [24]. Assuming a single-measurement phase uncertainty of 𝛿𝛿Φ ≈ 10−2 rad at 𝑇𝑇 = 100 ms, the 
corresponding relative uncertainty in gravity is 𝛿𝛿𝛿𝛿/𝑔𝑔 = 𝛿𝛿Φ/𝑘𝑘𝑘𝑘𝑘𝑘2 ≈ 10−8. With averaging, this 
precision reaches below 10−9 after a few hundred measurements under quiet conditions [25]. 
Instruments capable of this sensitivity can observe gravity signals produced by a large range of 
geophysical phenomena [2]. 

QUANTUM GRAVIMETER DESIGN 
Two quantum gravimeters are being developed in the Quantum Sensing and Ultracold Matter Lab at 
UNB. Figure 2 depicts the sensor heads, which each consist of an ultra-high vacuum (UHV) system, 
various optical elements, and laser beams for cooling and manipulating rubidium atoms. Quantum 

Figure 1. (a) Mach-Zehnder-type atom interferometer for measuring gravity. The wavepacket 
trajectories are parabolic (solid lines) in the presence of a constant gravitational acceleration 𝒈𝒈. 
Faded straight lines indicate the corresponding trajectories without gravity. The dotted line 
represents the mid-point trajectory of the interferometer. A detection pulse measures the 
probabilities 𝑃𝑃1 and 𝑃𝑃2 in either output port. (b), (c) Complementary interference fringes produced in 
each port. The probability oscillates sinusoidally with the laser phase 𝜑𝜑3, which is typically used to 
scan the fringes and measure the phase shift 𝑘𝑘𝑘𝑘𝑇𝑇2. The fringe contrast 𝐶𝐶 partially determines the 
sensitivity of the measurement. 
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Gravimeter 1.0 (QG1) is a stationary, table-top instrument designed to reach a sensitivity of 
1 × 10−8 𝑔𝑔 at 1 s of integration time, and an accuracy around 10−9 𝑔𝑔. The objective of QG1 is to act as 
one of Canada’s primary gravity standards—providing uninterrupted high-accuracy time-variable 
gravity data for long timescales and traceability for gravimetric/geodetic heights, while also serving as 
an accurate calibration reference for other gravimeters/accelerometers. 

The 6.8-L sensor head shown in Fig. 2(a) consists of two main chambers: a glass cell, and a central 
titanium “science chamber”. The glass cell houses a dispenser that produces hot rubidium vapour that 
we laser cool in a 2D magneto-optical trap (MOT) [26]. These cold atoms are then optically “pushed” 
through a small pinhole—creating a cold atomic beam in the science chamber. In the science chamber, 
the atoms are loaded into a 3D MOT (approximately 109 atoms in 1 s) and further cooled to a 
temperature of a few micro-Kelvin (10−6 K). An interferometry beam is aligned vertically through the 
science chamber to ensure the atomic cloud maintains overlap with the laser as it falls. Two stainless-
steel cubes are fixed above and below the science chamber to provide an extended free-fall height up 
to 0.5 m—corresponding to 𝑇𝑇 ≈ 300 ms in an atomic fountain geometry. Finally, two near-resonance 
light sheets at the bottom of the science chamber serve as detection beams to count the number of 
atoms in states |1⟩ and |2⟩, and hence the probabilities 𝑃𝑃1 and 𝑃𝑃2 in each interferometer port. 

Figure 2. Sensor head designs for (a) the table-top quantum gravimeter, and (b) the portable version. 
Each head is composed of a custom titanium UHV system injected with rubidium vapor. 
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The science chamber is maintained at a lower pressure than the glass cell by virtue of differential 
pumping. This helps to avoid background fluorescence from rubidium vapor and will enable the use of 
evaporative cooling techniques [27] to reach sub-recoil temperatures. For this, we will use a high-
intensity laser, red-detuned far below the D2 transitions in 87Rb, to create a crossed optical dipole trap 
[28]. Here, atoms are attracted to the high-intensity regions of the dipole beams due to the gradient of 
the optical potential [29]. By gradually lowering the trap depth, faster-moving atoms escape the trap 
while the remained atoms re-thermalize to a lower temperature. The use of “painted” optical 
potentials generated by rapidly moving beams can further increase the evaporation rate [30]—making 
sample temperatures < 10−7 K attainable in under 1 s of evaporation time. Ultra-cold atomic samples 
have been shown to dramatically improve the gravimeter’s sensitivity [31] and accuracy by reducing 
the dominant systematic effects due to laser wavefront distortion [32, 33]. 

Quantum Gravimeter 2.0 (QG2) is designed to be a compact, robust, and portable instrument. It 
consists of a 2.2-L all-titanium body with integrated magnetic coil frames and a 0.2-m-long drift tube. 
Several viewports allow for probing/imaging the atomic cloud at different positions. Central to the 
design is a custom in-vacuum hollow reflector that enables a single-laser-beam architecture for both 
cooling and interferometry [34, 8]. Figure 2(b) illustrates a large-diameter, circularly polarized laser 
beam incident on the reflector from the bottom. The hollow reflector consists of four right-angle 
prisms optically contacted to a baseplate and aligned in quadrants that reflect incident light twice by 
90 degrees. The central part of the beam transmits through a square aperture at the center of the 
reflector. The beam then passes through a quarter waveplate and retro-reflects off a mirror fixed to 
the top of the chamber. This creates three mutually orthogonal pairs of counter-propagating beams 
within the hollow reflector. Each prism is covered with a high-reflection, zero-phase dielectric coating 
that maintains the direction of circular polarization at each reflection. Light propagating within the 
hollow reflector then creates the ideal 𝜎𝜎+/𝜎𝜎− polarization required for a 3D MOT [35]. Below the 
hollow reflector, the atoms are exposed to only two counter-propagating vertical beams that have 
𝜎𝜎+/𝜎𝜎+ or 𝜎𝜎−/𝜎𝜎− polarization, which is ideal for driving velocity-sensitive Raman transitions in the 
interferometer [34]. 

QG2 is less than 1/3 the volume of QG1 and requires 1/10 the number of laser beams, which drastically 
reduces the instrument’s hardware complexity, size, weight, and power consumption. The trade-off is 
reduced experimental flexibility and free-fall height (maximum interrogation time 𝑇𝑇 ≈ 80 ms). As a 
result, QG2 targets a more modest sensitivity of 4 × 10−8 𝑔𝑔 at 1 s, and an accuracy around 5 × 10−9 𝑔𝑔. 
However, as a portable instrument designed to operate in relevant environments outside a climate-
controlled laboratory, it will be competitive with other commercial absolute gravimeters [7, 9]. 

CONCLUSION 
Canada’s vast and resource-rich landscape demands advanced tools for precise geophysical and 
geodetic measurements. While classical gravimeters have long served this role, their limitations 
highlight the need for next-generation solutions. Quantum gravimeters offer a transformative 
alternative with their enhanced stability, reduced maintenance, and suitability for remote deployment. 
Despite international advances, Canada has yet to fully capitalize on this technology. The development 
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of quantum gravimeters at the University of New Brunswick marks a critical step toward establishing 
domestic capability in quantum sensing, supporting both scientific exploration and national strategic 
priorities. 
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