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Abstract

Modern urban environments are increasingly dependent on dense networks of subsurface utility
infrastructure, including gas pipelines, water mains, electrical grids, and transit tunnels. Traditional methods
for mapping these assets, such as ground-penetrating radar and electromagnetic induction, are heavily
constrained by soil conductivity, signal attenuation, and environmental noise, often resulting in dangerous
excavation strikes and costly project delays. This paper presents a comprehensive experimental analysis of
an integrated quantum sensing platform designed for high-precision subsurface mapping. The system
combines a cold-atom gravity gradiometer and an array of optically pumped magnetometers, stabilized on a
mobile, vibration-isolated platform. Through extensive field testing in a controlled subsurface testbed, we
evaluate the spatial resolution, depth penetration, and noise mitigation capabilities of these quantum sensors
under realistic urban conditions. The experimental results demonstrate that the integrated quantum system
achieves a five-fold increase in depth sensitivity compared to classical electromagnetic systems, successfully
identifying non-metallic utilities and deep void structures at depths exceeding five meters. We provide a
detailed analysis of sensor drift compensation, environmental noise cancellation algorithms, and the
geophysics-based inversion models utilized to reconstruct three-dimensional subsurface profiles. Finally,
we discuss the technical challenges of field deployment, sensor stabilization, and the future miniaturization
of atomic instruments for routine engineering operations.
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1. Introduction
1.1 Challenges in Modern Subsurface Mapping

The rapid expansion of global urban areas has led to an unprecedented concentration of critical infrastructure
beneath the earth surface. Managing, maintaining, and expanding this subsurface network requires precise
spatial mapping to avoid catastrophic strikes during excavation. Traditional surveying methods, despite their
historical utility, face critical physical boundaries in highly congested and structurally complex urban
environments [1]. Ground-penetrating radar operates by transmitting electromagnetic pulses into the ground
and measuring the reflected signals from material interfaces. However, high-soil conductivity, particularly in
damp clay-rich soils, dampens electromagnetic waves, restricting depth penetration to less than a single meter
in many urban regions [2]. Electromagnetic induction methods, while effective for metallic conductors, are
entirely blind to non-metallic utilities such as polyvinyl chloride water pipes, fiber-optic conduits, and concrete
drainage systems. Furthermore, classical passive gravity and magnetic surveys are easily overwhelmed by the
pervasive mechanical and electromagnetic noise of modern metropolitan centers, rendering high-resolution
imaging difficult [3]. These mapping deficiencies result in substantial financial losses, structural damage, and
safety hazards, underscoring the necessity for a non-destructive, highly precise subsurface imaging
methodology that is independent of soil composition and target conductivity.

1.2 Quantum Sensing as a Paradigm Shift
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Quantum sensing technologies represent a fundamental shift in how physical fields are detected and
quantified. By leveraging the extreme sensitivity of quantum states to external perturbations, these instruments
can measure gravitational gradients, magnetic anomalies, and inertial changes with sensitivities that exceed
classical physical limits [4]. Instead of relying on active signal propagation and reflection, quantum gravity
sensors measure passive spatial variations in the gravitational field caused by subsurface density contrasts.
These density variations are immune to electromagnetic shielding or soil conductivity, allowing for the
detection of voids, tunnels, and deep-set utility corridors regardless of overburden characteristics.
Simultaneously, optically pumped magnetometers exploit atomic spin precession in alkali vapors to measure
magnetic fields with sub-picotesla precision, enabling the detection of weak magnetic signatures from deep
power cables, metallic pipe joints, and structural reinforcements [5]. The integration of these complementary
quantum sensors on a unified mobile platform offers a promising pathway toward passive, non-invasive, and
highly precise underground infrastructure mapping. This research investigates the mechanical and electronic
integration of these sensors, presents rigorous field performance data, and details the data processing
methodologies required to isolate weak subsurface signals from urban noise.

2. Quantum Sensing Principles and Underground Applications
2.1 Cold-Atom Gravimetry and Magnetic Gradiometry

The physical foundation of cold-atom gravimetry rests on the principles of atom interferometry, where
clouds of alkali atoms, typically rubidium-87, are trapped and cooled to microkelvin temperatures using laser
cooling and magneto-optical trapping techniques [6]. Once cooled, the atom cloud is dropped or launched in a
vacuum chamber, where it is subjected to a sequence of stimulated Raman laser pulses. These pulses act as
quantum beam splitters and mirrors, splitting the atomic wave packet into a coherent superposition of different
momentum states, redirecting them, and recombining them. The resulting interference pattern, measured via
fluorescence detection, is highly sensitive to the local gravitational acceleration. To eliminate common-mode
noise such as platform vibration, a gravity gradiometer configuration is employed, where two spatially
separated atom interferometers are interrogated simultaneously by the same laser system [7]. This differential
measurement yields the spatial derivative of gravity, directly highlighting shallow mass anomalies while
filtering out distant seismological noise and bulk platform movements.

Optically pumped magnetometers complement this by measuring the Larmor precession frequency of spin-
polarized atoms in a vapor cell. When a light beam from a diode laser passes through a rubidium or cesium
vapor cell, it polarizes the atomic spins. An external magnetic field causes these spins to precess, which in turn
modulates the absorption profile of the vapor cell. By monitoring the intensity of the transmitted light with a
photodetector, the local magnetic field can be resolved with high precision [8]. Utilizing an array of these
sensors allows for magnetic gradiometry, which isolates localized subsurface magnetic anomalies from the
Earth regional magnetic field and temporal geomagnetic variations.

2.2 Environmental Noise and Attenuation Dynamics

To successfully implement quantum sensors in urban underground environments, one must address the
unique noise profiles and attenuation characteristics of these settings. Classical electromagnetic waves decay
exponentially with depth as a function of soil conductivity and permittivity, making deep imaging in damp clay
or saltwater-permeated soil physically impossible. In contrast, gravitational fields do not experience material
attenuation; the gravitational pull of a subsurface object is dictated solely by its mass, distance, and density
contrast relative to the surrounding matrix [9]. However, gravity sensors are highly susceptible to microseismic
noise, passing vehicular traffic, wind-induced soil movement, and atmospheric pressure changes. Optically
pumped magnetometers, while avoiding the physical attenuation of high-frequency radar, face massive
electromagnetic interference from overhead power lines, electrified transit systems, and structural steel in
adjacent buildings. This interference can saturate the high-gain input channels of quantum magnetometers.
Consequently, robust passive shielding, active compensation coils, and real-time common-mode rejection
algorithms are essential operational requirements for field-deployed quantum mapping arrays.

3. Experimental System Architecture and Integration
3.1 Hardware Platform and Sensor Payload
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The experimental system developed for this study integrates a dual-chamber cold-atom gravity gradiometer
and a four-sensor array of optically pumped magnetometers onto a non-magnetic, vibration-isolated mobile
cart. The frame of the cart is constructed entirely from carbon fiber and high-strength engineering plastics to
minimize stray magnetic fields and gravitational distortions near the sensing heads. The gravity gradiometer is
oriented vertically with a baseline separation of one meter between the two atom chambers, allowing for high-
resolution vertical gravity gradient measurements. The optically pumped magnetometers are arranged in a
horizontal planar configuration at the base of the cart, positioned thirty centimeters above the ground surface
to maximize spatial resolution of shallow magnetic sources.

A critical aspect of the hardware integration is the active and passive stabilization system. The gravity
gradiometer vacuum chambers are suspended within a custom-designed active gimbal system that utilizes fiber-
optic gyroscopes and high-torque brushless motors to maintain vertical alignment to within ten microradians,
even when traversing uneven terrain. Passive mechanical isolation is achieved through a multi-stage spring and
elastomer dampening network, which filters out high-frequency vibrations above ten hertz. Additionally, a
three-axis Helmholtz coil system is integrated around the magnetometer array to actively nullify the Earth
ambient magnetic field, keeping the sensors within their optimal linear operating range.
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Figure 1: Schematic Diagram of Quantum Gravimeter Integration and Subsurface Surveying Configuration
3.2 Synchronization and Data Acquisition Systems

Precise spatial and temporal synchronization of the sensor array is fundamental to preventing spatial blurring
of the mapped anomalies. The data acquisition architecture is centered on an industrial real-time controller
equipped with a field-programmable gate array. This system coordinates the microsecond-level laser pulsing
sequence of the atom interferometer, reads out the analog signals from the magnetometer photodetectors, and
logs data from auxiliary positioning sensors. Spatial tracking is performed using a high-precision real-time
kinematic global navigation satellite system, which provides positional coordinates with millimeter-level
accuracy. In environments where satellite signals are obstructed, such as urban canyons or dense foliage, the
system seamlessly transitions to a high-rate wheel odometry system coupled with an industrial-grade micro-
electromechanical inertial measurement unit. A high-stability rubidium atomic clock is used as the master
reference timer, disciplining all internal sensor clocks to prevent phase drift between the gravity and magnetic
acquisition pipelines [10]. This precise synchronization ensures that every gravitational and magnetic
measurement is stamped with an exact three-dimensional spatial coordinate and absolute timestamp, enabling
high-fidelity coherent spatial mapping [11].

4. Data Processing and Precision Enhancement Methodology
4.1 Noise Filtering and Drift Compensation
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Raw data collected from mobile quantum sensors in urban environments contains a mix of target signals,
environmental noise, and instrumental drift. To extract the valuable subsurface geophysical features, a multi-
stage digital signal processing pipeline is implemented. The gravity gradiometer data is first corrected for solid
Earth tides, ocean loading, and barometric pressure fluctuations using standard global geodynamic models.
Microseismic noise, which typically spans the zero-point-one to five hertz band, is attenuated using an adaptive
Kalman filtering algorithm that incorporates real-time acceleration data from the platform inertial sensors [12].

For the optically pumped magnetometers, high-frequency electromagnetic interference from power lines is
removed using a digital notch filter centered at fifty hertz and its corresponding harmonics. Instrumental drift,
which arises from temperature variations in the laser diodes and laser-power fluctuations, is mitigated through
a differential measurement process. By continuously subtracting the readings of the upper gravity chamber
from the lower chamber, and the readings of reference magnetometers from the target sensors, the common-
mode systemic drift is reduced.

Table 1: System Baseline Comparison between Quantum and Classical Sensors

Sensor Svstem Tvpe Target Property Spatial Resolution at Maximum Interference
¥ yp g P Two Meters Penetration Depth Susceptibility
Classical Ground Radar  Dielectric Permittivity Five Centimeters One to Three Meters nghly Suscep tible to
Soil Moisture
Induction Profiler Electrical Conductivity  Fifteen Centimeters Two to Four Meters Vulnera‘ple to Metallic
Congestion
Optically Pumped . . . . . Vulnerable to Power
Array Magnetic Anisotropy Eight Centimeters Six Meters Grid Ficlds
Cold-Atom . Twenty-Five Vulnerable to Ground
Gradiometer Mass Density Contrast Centimeters Ten Meters Vibration

4.2 Spatial Reconstructive Algorithms

Once the filtered data is obtained, the next phase involves transforming these spatial field variations into a
three-dimensional representation of the subsurface. This is achieved through a joint geophysical inversion
algorithm that simultaneously processes the gravitational gradient and magnetic field datasets. The inversion
process divides the subsurface volume into a grid of discrete three-dimensional voxels, where each voxel is
assigned an independent density value and magnetic susceptibility value.

The mathematical formulation of the inversion is based on a regularized least-squares objective function,
which balances the data misfit against a model smoothness constraint to prevent unrealistic, highly oscillatory
solution states [13]. To accelerate convergence and resolve sharp boundaries, such as the edge of a concrete
tunnel or a metallic pipe, we apply a localized compactness regularization term. This algorithm iteratively
updates the density and susceptibility distributions until the predicted gravitational and magnetic fields match
the observed field data within a specified noise tolerance. By combining the density models from the gravity
gradiometer with the susceptibility models from the magnetometer array, the system can distinguish between
different utility materials, such as separating a water-filled plastic pipe from an adjacent steel gas line.

5. Experimental Performance Evaluation and Discussion
5.1 Comparative Field Testing and Spatial Resolution

To evaluate the real-world performance of the integrated quantum sensing platform, systematic field trials
were conducted at a specialized underground test facility. This facility features a controlled subsurface
environment with a variety of pre-mapped utilities buried at depths ranging from one to six meters. The buried
targets include structural concrete conduits, cast iron pipes, hollow plastic conduits, and simulated geological
sinkholes. The site is located near an active urban university campus, exposing the sensors to realistic levels of
ground vibration and electromagnetic interference.

During the testing phase, the mobile quantum cart traversed the testbed at a constant speed of zero-point-
two meters per second along a series of parallel survey tracks. For comparison, identical survey lines were
mapped using a commercial high-frequency ground-penetrating radar system and a classical dual-coil
electromagnetic induction sensor. The experimental results demonstrated the clear superiority of the quantum
sensor array in challenging conditions. The classical ground-penetrating radar system failed to resolve targets
buried below one-point-five meters due to the high clay content and moisture levels of the local soil. The
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induction sensor successfully mapped metallic lines but was entirely blind to the plastic conduits and the empty
concrete tunnels.

In contrast, the quantum gravity gradiometer resolved the gravitational density deficit of the empty concrete
tunnel at a depth of four-point-two meters with a signal-to-noise ratio exceeding twelve decibels [14].
Simultaneously, the optically pumped magnetometer array identified the cast iron pipe network, pinpointing
its lateral position to within ten centimeters and estimating its depth with an accuracy of ninety-two percent
[15].

Table 2: Subsurface Anomaly Detection Accuracy and Depth Penetration

Subsurface Anomaly Buried Depth Quantu.m Gravity Quantul.n Magnetic Classical Method
Type Signal Signal Recovery
Cast Iron Water Pipe One-Point-Five Meters ~ Three Micro-Gals Four Hundred Detect.ed by GPR and
Nanotesla Induction
Polyvinyl Chloride Two-Point-Zero Meters One-Point-Two Micro-  Less than One UndeFected by All
Duct Gals Nanotesla Classical
Concrete Tunnel Void ~ Four-Point-Five Meters ST oint-Five Micro- —p o o notesla Weak Indication on
Gals Low-Freq GPR
Wet Sand Pocket Void ~ Five-Point-Five Meters Two-Point-Four Micro-  Less than One Completely Undetected
Gals Nanotesla

The data compiled in Table 2 clearly highlights the capability of quantum sensors to detect non-metallic and
deep subsurface structures that are completely invisible to classical geophysical instruments. The gravity
gradiometer is particularly effective at detecting deep mass anomalies, such as tunnels and voids, which present
a substantial density contrast with the surrounding soil.
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Figure 2: Comparative Spatial Resolution of Subsurface Anomalies and Measurement Drift Analysis
5.2 Sensitivity, Soil Congestion, and Limitations

While the experimental results validate the immense potential of quantum sensing for subsurface mapping,
they also highlight several physical and operational limitations of the current prototype. The primary limitation
of the cold-atom gravity gradiometer is its measurement cycle time. The process of trapping, cooling,
launching, and interrogating the atom cloud requires approximately one second, which limits the spatial
sampling density when the platform is in motion. If the cart moves too quickly, high-frequency spatial
variations in the gravity field are smoothed out.

To overcome this, future systems will need to implement high-rate atom interferometers using atom-chip
technology or continuous cold-atom beams [16]. Furthermore, the optically pumped magnetometers, despite
their high sensitivity, experienced occasional signal saturation when passing directly over major subsurface
power cables or near reinforced concrete foundations. This required manual resetting of the feedback loop of
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the Helmholtz cancellation coils. Lastly, the physical weight and power consumption of the current vacuum
pumps and laser stabilization systems restrict the continuous field operation of the cart to approximately six
hours before battery replacement is required.

6. Technological Implications and Future Directions
6.1 Scalability and Urban Infrastructure Management

The successful integration and field validation of quantum sensors opens up new paradigms for urban civil
engineering and infrastructure asset management. As metropolitan centers grow denser, the cost of accidental
utility strikes and the associated legal liabilities continue to escalate. Transitioning from reactive, excavation-
based locating to proactive, quantum-enabled subsurface mapping could dramatically reduce urban
construction costs and enhance public safety. Government agencies and municipal utility companies could
utilize fleet-deployed quantum mapping platforms to establish highly accurate, three-dimensional digital twins
of the underground urban landscape. These digital models would not only assist in routine excavation planning
but would also enable structural health monitoring of subterranean assets. For instance, continuous or periodic
quantum gravity surveys could detect the gradual formation of subsurface voids and sinkholes around aging
sewer systems long before they manifest as surface collapses or road failures, allowing for targeted preventative
maintenance.

6.2 Future System Optimization and Miniaturization

To transition quantum mapping technology from specialized research institutions to widespread commercial
engineering use, focused developmental efforts must be directed toward system miniaturization and
ruggedization. The current laboratory-scale vacuum chambers and bulky optical tables must be replaced with
robust, chip-scale atomic devices. Advances in micro-electromechanical systems have already demonstrated
the feasibility of fabricating millimeter-scale vapor cells and silicon-on-insulator atom traps, which could
reduce the overall volume of quantum sensors by orders of magnitude [17].

Simultaneously, the development of robust, photonic-crystal-fiber laser systems and integrated optical
circuits will eliminate the need for sensitive bulk optics, ensuring that the sensor systems remain aligned even
when subjected to intense construction-site vibrations. On the software front, the integration of artificial
intelligence and deep-learning models directly into the real-time data processing pipeline will allow for
automated anomaly detection and instant structural classification, providing field operators with intuitive, real-
time visual maps of the subsurface environment without requiring expert geophysical interpretation.
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