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Abstract

The Atomic Lunar Seismometer (ALS) is an atom-interferometer instrument concept for
measuring the lunar gravity and vibration modes at long time scales. Compared to other
seismometer techniques, atom interferometers offer a pathway toward an ultra-low drift
seismometer for signals around and below the mHz frequency range. The ALS instrument
concept is also applicable to other terrestrial bodies such as Mars. In this paper, we present
our instrument design based on a 5 cm tall atomic fountain and summarize the test results
obtained in a laboratory environment. This development is specifically to optimize and
accommodate in lunar environment. Presently, the instrument’s short-term sensitivity is
1.4 × 10−6 m/s2/

√
Hz (140 µGal/

√
Hz), limited by the vibration noise in our lab, and it

averages down to 6.7 × 10−8 m/s2 (6.7 µGal) after 445 s.

Keywords: atom interferometry; gravimeter; lunar seismometer

1. Introduction
Understanding the origin and evolution of planetary bodies is a primary objective

of planetary science and is crucial for the expansion of humanity beyond Earth. Insight
into a planet’s interior is essential for reconstructing its geological history. Gravimetry and
seismology are among the foremost methods for probing planetary interiors [1] including
Earth [2,3]. Despite limited seismic stations, Apollo-era seismic data continue to shape our
understanding of the lunar interior [4,5]. Measurements of the lunar gravitational field
with orbiters such as GRAIL [6–8] have further advanced our knowledge. Nonetheless,
a long-lived seismic network on the lunar surface is still highly desired. The Apollo instru-
ments were not sensitive enough in the mHz frequency range to observe the fundamental
vibration mode of the Moon. Newer mission concepts, such as the Lunar Geophysical
Network [9] or the Farside Seismic Suite [10], will deploy improved seismometers on
the Moon.

The Atomic Lunar Seismometer (ALS) aims to improve seismometer technology by
combining seismic wave sensing and absolute gravitational field measurement into a single
instrument. ALS uses laser-cooled atoms as free-falling test masses and their matter-wave
properties to sense seismic waves and the local gravitational field. Under constant gravity,
time-varying signals reflect ground seismic motion, while a stationary ground surface
yields a signal representing the local gravity.

ALS is based on the atom-interferometric technique, and its application will focus on
signals in the mHz frequency range, where alternative seismometer techniques tend to ex-
hibit large drift [11,12]. The low-frequency range is essential for studying the fundamental
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vibration modes of a planetary body and its response to gravitational waves [13]. Atom
interferometers may deliver ultra-low-drift measurement because its working principle
traces back to intrinsic properties of atoms; however, to be competitive with existing seis-
mometers deployed for science missions [14], the first step would be to demonstrate similar
short-term sensitivity, which is around a few nm/s2/

√
Hz (i.e., sub-µGal/

√
Hz).

Atom interferometry has been a well-established technique for high-precision gravity
measurement in the laboratory [15]. For mobile gravimeters, the sensitivity that has
been achieved among the high-performance ones is, for example, 96 nm/s2/

√
Hz in

reference [16], or 500 nm/s2/
√

Hz from commercially available gravimeters [17]. We
note that several groups worldwide are developing mobile gravimeters, and reference [18]
provides a comprehensive review. To reach a few nm/s2/

√
Hz, it is technically feasible with

Bose–Einstein Condensate [19], matter-wave lensing [20], or large momentum transfers [21];
however, those techniques are not considered in the present version of ALS due to the
typical size, weight, and power (SWaP) constraints for a lunar instrument, e.g., maximum
mass of 35 kg and maximum keep-alive power consumption of 20 W for instruments that
need to survive lunar nights in a lander [22].

Our motivation is to develop a compact instrument capable of operating within strict
lunar SWaP constraints (e.g., 35 kg and 20 W, as mentioned above) while approaching
quantum projection noise (QPN) limited sensitivity. Our strategy is taking advantage
of lower lunar gravity for longer interferometer time and utilizing a simplified laser-
cooled thermal atom source to achieve high sensitivity in a compact instrument. The ALS
instrument sensor head is based on a 5 cm tall atomic fountain to reduce its dimensions
and thus its mass.

In this work, we evaluate the feasibility of approaching the QPN-limited sensitivity
using a standard Raman π/2 − π − π/2 pulse sequence. In this case, the QPN-limited
sensitivity of the atom interferometer is

∆a = 1/(C ×
√

N × keffT2), (1)

where C is the fringe contrast, N is the atom number, and T is the interferometer time
between the Raman laser pulses, and keff = 2(2π/λ) = 1.61 × 107 rad/m is the effective
wavenumber of the two-photon Raman transition for rubidium atoms and λ = 780 nm for
rubidium. The QPN-limited sensitivity in the 5 cm tall atomic fountain is summarized in
Table 1.

Table 1. QPN-limited sensitivities of a Raman π/2−π −π/2 atom interferometer, assuming contrast
C = 0.5, N = 106 atoms, and 1 Hz data rate. The maximum time T between Raman laser pulses is√

2h/g, where h = 5 cm and g is the surface gravity at the destination

Destination Maximum Interferometer Time 2T [ms] Sensitivity [nm/s2/
√

Hz]

Lunar surface 497 2
Earth surface 200 12

We measured a sensitivity of 1400 nm/s2/
√

Hz with T = 75 ms, primarily limited
by vibration noise in our lab. While our result shows a discrepancy of about two orders
of magnitude relative to the QPN-limited sensitivity target with T = 100 ms on Earth, it
provides a critical baseline for evaluating instrument performance under non-ideal condi-
tions. To provide further context, we summarized the sensor head design and instrument
implementation in Section 2. We then presented a comprehensive analysis of test results
and current limitations in Section 3. Finally, future directions for improving the instrument
are discussed in Section 4.
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2. Materials and Methods
Compared to other mobile atom interferometers employing free-falling cold-atom

samples or meter-scale atomic fountains with dedicated magnetic shields, our design
utilizes a compact atomic fountain, thereby minimizing sensor head dimensions and total
mass. The design strategy with a compact atomic fountain is specifically intended to bring
the instrument within the strict SWaP constraints required for lunar deployment, where
existing mobile atom interferometers remain logistically unfeasible. Despite a fountain
height of just 5 cm, the system allows interferometer times up to 2T = 200 ms on Earth.
For an identical 2T, a free-falling cold-atom sample would require a 20 cm drop; thus,
the compact fountain reduces vertical dimension by a factor of four.

The fountain configuration has other added benefits, including allowing in situ varia-
tion in interrogation time for calibration, diagnosis, and other experiments, as well as the
sensor head overall architecture suitable for operation in microgravity environment with
and without launch requirements.

This work aims to reduce the mass of the sensor head. The laser system and control
electronics were assembled using commercial-off-the-shelf components for laboratory
measurements. Developing a flight model of the laser system and control electronics with
significant SWaP reduction is possible but outside the scope of this study [23,24].

2.1. Sensor Head

The sensor head is based on an atomic fountain within an octagonal vacuum chamber
maintained at 133 × 10−9 Pa (Figure 1). A rubidium-87 magneto-optical trap (MOT) at
the center of the octagonal chamber loads atoms from background vapor. The atoms
are launched upward and sub-Doppler cooled using moving molasses. In Earth gravity,
the atoms are launched with an initial speed of 1 m/s so that the fountain’s apex is 5 cm
above the trap center. The round-trip flight time for the atoms to fall into the trap region is
200 ms. In lunar gravity, the atoms would be launched with an initial speed of 0.4 m/s so
that round-trip flight would be about 0.5 s.

The octagonal vacuum chamber has an envelope dimension of 12 × 12 cm2 and a
thickness of 5 cm. The chamber is made of titanium with z-cut, anti-reflective-coated sap-
phire windows brazed to adapter rings and then welded to the chamber body. Compared
to off-the-shelf stainless-steel chambers assembled with glass viewports, our octagonal vac-
uum chamber construction is lighter in weight and non-magnetic. The choice of sapphire
window to minimize helium permeation opens the possibility of operating the vacuum
chamber without an active ion pump [25–27]. However, this has not been tested and
validated in this study.

The MOT, molasses, and detection laser beams use the same laser beam paths (hereafter
referred to as the MOT beams), which include four 45-degree single-pass beams and
one retro-reflected horizontal beam. Their e−2 beam diameter in intensity is 18 mm, large
enough to prevent atoms from diffusing out from the MOT beam intersection during
moving molasses stage when the launch speed is 1 m/s or lower. The state preparation
and Raman laser take the vertical beam path (hereafter referred to as the Raman beam),
and the beam diameter is 30 mm. One of the chamber’s windows is recessed (Figure 1b).
A Fresnel lens is inserted inside the recess to enhance photon collection efficiency onto
a photodetector.

The MOT magnetic coils are centered about the horizontal MOT beam and are attached
to the slightly recessed octagonal faces of the vacuum chamber. The inner spacing between
the coils is 42 mm. There are three sets of rectangle coils for controlling the bias magnetic
field. During state-preparation and interferometer, a quantization magnetic field of about
100 mG is applied in the vertical direction.
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Figure 1. (a) The drawing of the sensor head. The enclosed volume of the outer magnetic shield
is 52 L and the mass is 24 kg. The magnetic shields contribute to 70% of the mass. Elements in the
space between the outer and inner magnetic shield include the 5-way cross hosting Rb dispensers,
a non-evaporable getter (NEG) pump, an ion pump, and a copper tube for pinch-off sealing the
vacuum. All optical components and magnetic coil packages are attached to an octagonal vacuum
chamber, which is inside the inner magnetic shield. (b) Schematic of the atomic fountain inside the
octagonal vacuum chamber.

Minimizing the magnetic field gradient is critical for longer interferometer times,
as the fringe contrast can degrade due to the spatial variation in the quadratic Zeeman
effect. We address this requirement as follows. The magnetic field gradient due to the
rectangle coils within the region traversed by the atomic fountain is designed to be less
than 2 mG/cm in all three directions (via finite element analysis) so that the fringe contrast
reduction will be lower than 1% due to field inhomogeneity. The vacuum chamber, optics,
and both sets of magnetic coils are enclosed within the inner magnetic shield, which blocks
stray magnetic fields from the ion pump magnets. The ion pump is 20 cm away from the
octagonal chamber center and the inner magnetic shield provides about 25 dB magnetic
field attenuation. The inner and outer magnetic shields together provide more than 42 dB
attenuation. The attenuation factors are estimated via finite element analysis and in that
simulation the model of the shields is emersed in an uniform external magnetic field
with a magnitude of 5 Gauss. The outer magnetic shield may not be necessary for the
instrument operation on the surface of the Moon (or Mars) where the surface magnetic
field is negligible compared to Earth magnetic field, which could potentially reduce the
mass of the sensor head from 24 kg to 13 kg.

2.2. Laser System and Control Electronics

The laser system consists of two lasers (Figure 2). The first laser is a low-power
780 nm diode laser (linewidth 100 kHz), which is continuously locked to a 85Rb transition
line in a saturated absorption spectroscopy. The second laser is a frequency-doubled
telecommunication laser system (the telecom laser) with output at 780 nm (linewidth
150 kHz). The telecom laser is locked to the diode laser with an offset frequency. Also,
the 1560 nm seed of the telecom laser is phase modulated via a fiber-coupled electro-
optical modulator (EOM). By switching the offset frequency and the modulation frequency,
the carrier and the first-order sideband from the telecom laser address the 87Rb transition
frequencies required by the atom interferometer. It should be noted that with this EOM
phase modulation scheme, the spurious sidebands from the EOM will limit the atom
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interferometer accuracy to tens of 10 nm/s2 [28], which is acceptable in this work but
should be improved for lunar instruments.

Figure 2. Schematic of the laser system.

The telecom laser’s output level and pulse duration are controlled by a fiber-coupled
acousto-optic modulator (AOM) operating at +100 MHz. The interferometer pulses of a few
microseconds are generated using the fast-switching time of this AOM. The laser light is
directed between the MOT and Raman beam paths with a micro-electromechanical system
(MEMS) fiber switch. The laser light can be directed to an unused fiber output of the fiber
switch to provide additional light extinction during the dark time between Raman laser
pulses. The MOT beams pass additional fiber-coupled AOMs, allowing the detunings of
the 45-degree beams to be controlled independently. The laser polarization is aligned to the
slow axis of the fibers, and the AOM and MEMS components have a polarization–extinction
ratio specification of 20 dB.

The modulation frequency and the offset frequency of the telecom laser are generated
from two direct-digital synthesizers (DDSs) (by means of frequency up-conversion and
frequency division, respectively). The DDSs are clocked by a hydrogen maser. The exper-
imental control is based on a digital pattern generator, whose outputs trigger the DDSs
and other components used to generate laser pulses, switch the magnetic field set points,
and log the atom interferometer data. The pattern generator is also clocked by the same
hydrogen maser source.

2.3. Atom Interferometer Operation Sequence

A typical atom interferometer measurement cycle starts with loading atoms into
the MOT, followed by a three-step molasses cooling: pre-launch red molasses cooling,
launch with moving molasses, and then post-launch cooling in (moving) Λ-enhanced grey
molasses [29]. To implement the moving molasses, we change the detuning of the 45-degree
beams relative to the horizontal beam. For initial velocity of +1 m/s, the two downward
45-degree beams are shifted by −0.9 MHz while the two upward 45-degree beam are
shifted by +0.9 MHz (i.e., d f = ± v0√

2λ
for the 45-degree beams). The differential detuning

is within the bandwidth of the AOMs, which is about 10 MHz. The three-step molasses
cooling takes about 7 ms to complete, and the final temperature of the atomic sample is
below 3 µK.

The Raman beam is linear polarized and retro-reflected to create a linear–perpendicular–
linear polarization configuration. To optically pump atoms to the initial state for atom
interferometer operation, i.e., the F = 1, m = 0 state, the telecom laser’s offset frequency
and modulation frequency are tuned such that the carrier addresses the F = 2 → F′ = 2
transition while the first-order sideband addresses the F = 1 → F′ = 0 transition of
87Rb. Because the quantization magnetic field is aligned with the Raman beam, and the
polarization of the retro-reflected Raman beams is linear–perpendicular–linear, the first-
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order sidebands effectively contain both σ+ and σ− components and not π component.
The first-order sideband drives the F = 1 → F′ = 0 transition with ∆m = ±1, leading to
population in the F = 1, m = 0 state. During the interferometer with a π/2−π −π/2 pulse
sequence, the telecom laser’s offset frequency is tuned so that the Raman single-photon
detuning is −200 MHz from the F = 2 → F′ = 0 transition. This detuning is limited by the
frequency tuning range of the telecom laser. The modulation frequency is at 6.834 GHz (the
rubidium-87 hyperfine splitting frequency) plus a few MHz to compensate for the Doppler
shift in the atomic fountain. The laser intensity at the center of the Raman beam is about
42 mW/cm2 and the Raman π-pulse time is 5 µs. The pulse time is obtained experimentally
from the Raman pulse Rabi oscillation curve.

The modulation power is adjusted to minimize the AC Stark shift in the two-photon
Raman transition. Because the EOM is strongly driven, higher-order sidebands become
significant and contribute to the overall AC Stark shift. We tune the microwave power
applied to the EOM until the difference between the Raman transition frequency and the
Doppler shift is less than 10 kHz for all three Raman pulses when using a 5 µs pulse duration.
However, since this EOM phase modulation is applied at the seed-laser stage (before the
internal power amplifier and second-harmonic generation of the telecom laser) the optimal
microwave power must be re-adjusted whenever the laser operating conditions change.

After the interferometer, the final state of the atoms is detected when the atom cloud
returns to the trap center. We use the MOT beams and apply a sequence of five pulses to
measure the fraction of atoms transferred to the F = 2 state and plot the interferometer
data as population ratio in the F = 2 state. The first pulse detects the atoms in the F = 2
state. The second pulse pumps the atoms in the F = 1 state to the F = 2 state so that the
third pulse detects the total atom number. The forth pulse pumps atoms to the F = 1 state.
The fifth pulse is applied after a delay of 4 ms so that it registers the reading due to laser
light scattering and fluorescence due to background rubidium vapor. The duration of the
pulses are: 170, 50, 170, 50, and 170 µs. There is typically a minimum of one million cold
atoms at detection.

The frequency difference between the two Raman laser frequency components should
be tuned at a rate of about α = 25.1 kHz/ms to compensate for the Doppler shift due to
Earth gravity. The Doppler shift changes sign depending on whether the atomic sample is
in the ascending or descending phase of the fountain trajectory. In our case, the frequency
difference is set by the modulation frequency, which is changed between the Raman laser
pulses in discrete steps with a step size equals α × T. The DDS that controls the modulation
frequency switches its output frequency between the first and the second Raman laser
pulses, and then again between the second and the third Raman laser pulses; the time
spacing between the actions is T + 2τR, with τR = 2.5 µs the π/2−pulse duration [15].
To scan the interferometer fringe, we introduce a phase by changing the DDS output
frequency with a resolution around 1 Hz, i.e., effectively, scanning the chirp rate of the
Raman lasers.

3. Results
A cloud of cold atoms will expand isotropically due to its finite temperature. With the

same sensor head, the atom interferometer fringe contrast is expected to be lower for
longer T, due to technical factors such as the expanded cold-atom cloud samples exhibiting
more spatial inhomogeneity in the Raman beam profile. The instrument is tested in Earth
gravity so that the maximum T is lower than that available in lunar gravity. To project the
performance of our instrument on the lunar surface, we measure the fringe contrast as a
function of T and extrapolate the data to estimate the contrast for longer T.
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Figure 3a shows fringe contrast versus T from 10 ms to 90 ms. The fringe contrast is
the amplitude of the sinusoidal fit of the fringe. The inset of Figure 3a shows an example of
the fringe at T = 75 ms. Excluding the last point at T = 90 ms, we use a linear trend line to
model the degradation of the fringe contrast, and the trend is C = 0.67 − 0.0027T with T in
units of ms.
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Figure 3. (a) Atom interferometer fringe contrast, measured for T from 10 ms to 90 ms. The dashed
line is a linear trend of the degradation of the fringe contrast as a function of T. The line excludes the
contribution from the last point at T = 90 ms. The inset shows an example of the atom interferometer
fringe via scanning the Raman laser chirp rate. For each T, there are 328 points and the contrast C is
the amplitude of the sinusoidal fit. (b) The sensitivity is estimated from how much the measurements
scatter around the sinusoidal fit line; i.e., by dividing the root-mean-squared residual with CkeffT2.
The dotted line is the single-shot measurement noise due to the vibration in our lab. The dashed line
is the QPN-limited sensitivity based on the fringe contrast in (a).

At T = 90 ms, the contrast is significantly lower because the mirror pulse is applied to
the atoms near the apex of the atomic fountain, where the velocity of atoms is not sufficient
to generate enough Doppler shift to distinguish the Doppler-sensitive Raman transitions
from the Doppler-insensitive Raman transitions. With the present experimental parameters,
a minimum speed of the cold-atom cloud of 10 cm/s is required to break the degeneracy.
As a result, although the round-trip flight time of the atomic fountain in Earth gravity is
200 ms, to avoid the apex, the usable T is 90 ms. The available time can be extended by
using longer Raman pulses (so that the transition linewidth is narrower) and applying
a velocity selection pulse . A detailed explanation of this Raman degeneracy problem at
near-zero velocity and the solutions have been investigated and can be found, e.g., in the
works [30–32] and references therein.

We calculate the single-measurement sensitivity from the residuals of the sinusoidal
fit and the sensitivity is plotted as a function of T in Figure 3b. The dotted line in Figure 3b
is the atom interferometer’s response to vibration noise per single measurement, calculated
with the transfer function formalism in [33]. The vibration noise level of the vibration
isolation platform on which the instrument is situated is around 3 × 10−7 m/s2/

√
Hz (see

Figure 4b). As a result, for T > 70 ms in the sensitivity plot, the measured sensitivity is not
the intrinsic noise of the instrument, but, rather, the signal due to the vibration.

In Figure 3b, the dashed line represents the QPN-limited sensitivity, which can be
compared to the measured sensitivity to estimate the potential performance if vibration
noise were absent. In this calculation, we assume N = 106, and the contrast C is taken from
the contrast trend line in Figure 3a. According to the dashed line, it is projected to achieve
24 nm/s2 per shot with T = 75 ms using our sensor head on the Earth’s surface; however,
measurements need to be performed at a vibrationally quiet site.
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Figure 4 shows the Allan deviation and power spectral density of the atom interferom-
eter acceleration measurement. The atom interferometer’s output in population ratio (P)
is logged as a time trace at a rate of 2.3 Hz and then converted to acceleration readings as
a = P

C
1

keffT2 . This data set contains 16,560 shots and with a data rate of 2.3 Hz, this translates

into the lower limit in the power spectral density of 1.4 × 10−4 Hz. The contrast C is 0.45
and T is 75 ms. We choose T = 75 ms and not a longer T, so that even in the presence of
vibration, the atom interferometer’s output remains in the linear portion of the fringe and
that the simple relation to convert the population ratio to acceleration is valid.

Based on the fitted line in Figure 4a, the instrument’s short-term sensitivity is
1.4 × 10−6 m/s2/

√
Hz (140 µGal/

√
Hz), limited by the vibration noise in our lab, and it

averages down to 6.7 × 10−8 m/s2 (6.7 µGal) after 445 s. The frequency response of the
instrument remains flat at frequencies down to 1 mHz. In contrast, classical sensors tend to
have large drift at low frequency and long time scales. In the power spectral density plot,
between 0.1 and 1 Hz, the noise level measured by the commercial seismometer agrees
with the atom-interferometer signal, further indicating that the instrument sensitivity is
vibration-limited.
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Figure 4. Acceleration measurement sensitivity and frequency response. Raman T = 75 ms. (a) Allan
deviation, which averages down to 6.7 × 10−8 m/s2 at 445 s. The dashed fitted line includes the
data points up to τ = 445 s. (b) Power spectral density, which remains flat down to 1 mHz (orange
trace). The black dashed line is the vibration noise spectrum at our lab, measured with a commercial
seismometer. Between 0.1 to 1 Hz, the noise level measured by the commercial seismometer agrees
with the atom interferometer signal.

In contrast to alternative seismometer techniques that only sense ground motion,
the atom interferometer can also measure absolute gravity. Figure 5 demonstrates this
capability. A few fringe scans with different T are plotted on the same chart. The fringes
have different fringe intervals, but they cross at the same chirp rate, where this chirp rate
exactly cancels the Doppler shift due to the free fall of atoms in gravity. The value of gravity,
g, is calculated using the equation g = 2π × α0/keff, where α0 is the chirp rate (in Hz/s) at
which all the fringes intersect.

In the data set, each fringe is fitted with a sinusoidal function with Ti as a fixed param-
eter, while the fringe offset, fringe contrast, and initial phase (ϕi) are the free parameters,
for fringe scan i = 1, 2, 3, etc. At the intersection of the fringes, ∆ΦL − 2πTiα = ϕi, where
∆ΦL is the phase due to the Raman lasers. We use the least-squares solution of the chirp
rate α as our estimate of α0.

The fringe intersection measurement is repeated for a few different non-zero magnetic
field set points, as shown in Figure 5b. A minimal quantization magnetic field is required
to break the degeneracy between the Zeeman m states. The data points are fitted with
a second-order polynomial, and with zero magnetic field, the gravity value is estimated
to be 9.795552 m/s2. At our lab location, the surface gravity value interpolated from the
U.S. National Geodetic Survey data is 9.79532 ± 0.00004 m/s2 [34]. The measured value
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agrees reasonably with the data. We note that several additional factors contribute to
the systematic error in absolute gravity measurements, such as rubidium vapor pressure,
Raman laser beam alignment, and Raman laser wavefront distortion [35], etc., and must be
investigated in ultrahigh-precision gravity measurements. Further details can be found,
e.g., in references [15,36–40].
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Figure 5. Gravity value measurement. (a) Atom interferometer fringes with different T. The fringes
intersect at the Raman laser chirp rate that compensates for the Doppler shift due to the free falling in
Earth gravity. (b) The measurement is repeated for a few magnetic field set points. Each data point is
the average of the measurements with normal and reversed effective Raman wavevector (i.e., +⃗keff

and −⃗keff).

In Figure 4, we convert the time trace of population to acceleration using a simple
relation. This approach assumes that fringe offset and contrast stay constant over long
periods, which is unrealistic in our case. For example, we do not actively stabilize rubidium
vapor pressure in the octagonal chamber or laser power in the beam paths. Environmental
factors such as temperature and humidity in the lab are also unregulated.

To log the gravity value over a longer time scale, we use the phase quadrature
method [41]. The method takes a set of four measurements, but in each subsequent
measurement, the interferometer phase is increased by π/2 by stepping the Raman laser
chirp rate. The four measurements are as follows.

P1 =
1
2
[A − C cos(ϕ)] (2)

P2 =
1
2
[A − C cos(ϕ +

π

2
)] (3)

P3 =
1
2
[A − C cos(ϕ + π)] (4)

P4 =
1
2
[A − C cos(ϕ +

3
2

π)] (5)

The interferometer phase ϕ is calculated as follows.

ϕ = tan−1 (P2 − P4

P3 − P1

)
(6)

Although the method returns one phase reading from four measurements (and reduces
the measurement bandwidth), the fringe contrast C and fringe offset A both cancel out in
the calculation. We use the method to measure the variation in the gravity value in our
lab. As shown in Figure 6, there are modulations with amplitude around 200 µGal, which
agrees reasonably with the solid Earth tide [42] calculated for our lab location.
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Figure 6. Modulation of the gravity value in our lab, measured with the phase quadrature method.
Each data point is an average of 270 s of measurement. Raman T = 75 ms.

4. Discussion
Presently, our instrument’s short-term sensitivity is 1400 nm/s2/

√
Hz with T = 75 ms,

limited by the vibration noise in our lab. Using the fringe contrast measured in Figure 3
to estimate the QPN-limited noise, it is feasible to reach 24 nm/s2/

√
Hz with T = 75 ms

when technical noises are suppressed.
In our sensor head, we did not include active vibration noise cancellation components,

and this strategy stems from two main considerations. First, active cancellation may not be
needed in a lunar environment if the instrument sensitivity is a few nm/s2/

√
Hz. Apollo

data show that lunar seismic noise in the vertical direction is as low as 10−10 m/s2/
√

Hz
at 0.1 to 1 Hz [14], which is not detectable at current sensitivity levels. Second, because of
typical SWaP constraints for lunar instruments, we want to explore if it is possible to reach
QPN-limited sensitivity without adding components beyond those directly supporting the
basic π/2 − π − π/2 Raman interferometer operation. For similar considerations, we did
not include Coriolis compensation components in our sensor head because Moon’s rotation
rate is about 27 times slower than Earth.

We acknowledge that the QPN limit extrapolation alone is insufficient to validate the
instrument’s performance. Experimental demonstration is needed to show a sensitivity of
about 12 nm/s2/

√
Hz on Earth’s surface, as summarized in Table 1. Our follow-up plan

is to build a transportable laser system and control electronics. We will then repeat the
same measurement in a seismic vault, which provides lower background seismic noise.
For example, the seismic vault on the Jet Propulsion Laboratory campus is appropriate
for validation.

In addition to repeating the measurement in a seismic vault, improvements toward
reaching the QPN-limited sensitivity include reducing the molasses temperature (to mini-
mize sampling of Raman beam inhomogeneities) and applying Raman velocity-selection
pulses (to narrow the velocity distribution along the Raman beam direction). Certain design
choices should be avoided in future iterations, such as operating without active regulation
of laser power or rubidium vapor pressure.

The MOT is loaded from the background rubidium vapor in the octagon chamber,
with a loading time of about 200 ms. The fountain configuration may aid in re-capturing
atoms into the MOT, but the launch process can also introduce losses (e.g., atoms drifting
sideways due to imperfect beam alignment or intensity imbalance in the 45-degree config-
uration). As a result, we cannot reduce the MOT loading time further while maintaining
our target of operating at about one million atoms. The launch efficiency has not yet
been characterized.

5. Conclusions
In this paper, we summarize our instrument design target for lunar applications and

present test results from a laboratory environment. Our instrument uses Raman atom

https://doi.org/10.3390/atoms14090077

https://doi.org/10.3390/atoms14090077


Atoms 2026, 14, 77 11 of 13

interferometry and a 5 cm tall atomic fountain. Presently, the instrument’s short-term
sensitivity is 1.4 × 10−6 m/s2/

√
Hz with Raman T = 75 ms, limited by vibration noise in

our lab. This uncertainty averages down to 6.7 × 10−8 m/s2 after 445 s. To advance this
instrument, the next step is to perform measurements in seismic vaults that have lower
seismic noise.
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