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generated by neuronal currents. These constraints motivate the development of
quantum-enhanced sensing approaches capable of capturing neural dynamics
with unprecedented fidelity. This study aims to evaluate the performance of
diamond-based quantum sensors for high-resolution magnetic field imaging
and to assess their potential for real-time neural activity monitoring. A
combined experimental and simulation-based methodology was employed,
involving controlled magnetic field measurements using NV-center ensembles,
calibration against established magnetometry systems, and computational
modeling of neuronal magnetic signatures. The results show that NV-based
sensors achieve sub-micron spatial resolution and detect magnetic fields in the
nanotesla range, significantly outperforming traditional optical and
electromagnetic techniques. The findings further demonstrate strong temporal
responsiveness, enabling the reconstruction of fast neuronal firing patterns.
The study concludes that diamond-based quantum sensors represent a
promising frontier for next-generation neuroimaging, offering a scalable,
minimally invasive platform for studying neural circuits with high spatial—
temporal precision.
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INTRODUCTION

The rapid advancement of quantum technologies has reshaped scientific approaches to
measurement, imaging, and sensing across multiple disciplines, including neuroscience.
Traditional neuroimaging methods such as EEG, MEG, fMRI, and optical imaging have long
provided crucial insight into brain function, yet each carries inherent limitations in spatial
resolution, temporal responsiveness, or sensitivity to weak neuronal magnetic fields. The
pursuit of tools capable of capturing neural signals with substantially improved precision has
led researchers to explore emerging quantum-based techniques. Among these innovations,
diamond quantum sensors based on nitrogen vacancy (NV) centers have gained attention for
their exceptional magnetic field sensitivity and suitability for biological environments (Li et al.,
2023; G.-Q. Liu et al., 2023).

The nitrogen—vacancy center in diamond offers unique quantum properties that allow
highly sensitive detection of minute magnetic field variations. Neural activity generates
magnetic fields in the picotesla-to-nanotesla range, and conventional sensors struggle to
resolve these subtle signals at a microscale level. Diamond NV-based sensors operate at room
temperature, resist photobleaching, and maintain long coherence times, enabling continuous
and high-resolution magnetic field monitoring. These characteristics create new possibilities
for probing neural circuits that remain inaccessible to many traditional imaging tools. The
increasing interest in NV sensors reflects this growing need for new platforms capable of
addressing the limitations of existing neurotechnologies (H. Liang et al., 2023; Losero et al.,
2023).

Research in neuroscience increasingly seeks methods that can noninvasively map neural
activity with cellular-level resolution while preserving temporal fidelity. Quantum sensors
embedded in diamond lattices present a promising avenue because they combine nanoscale
spatial sensitivity with the ability to detect neural magnetic signatures in real time (Flinn et al.,
2023; Xu et al., 2023). This capability positions NV-based diamond sensors as potential game
changers in neuroimaging. The expanding intersection of quantum physics and neuroscience
underscores the significance of exploring how these sensors can transform current approaches
to understanding brain function.

The core problem motivating this study stems from the inability of current neuroimaging
technologies to simultaneously achieve high spatial and temporal resolution while detecting
extremely weak magnetic fields generated by neurons. Existing systems often face trade-offs:
techniques offering high spatial accuracy lack adequate temporal resolution, while those with
strong temporal performance cannot localize signals at a microscale level. These limitations
prevent researchers from capturing real-time neural interactions occurring at the level of
individual neurons or small networks. The gap between technological capability and
neuroscientific demand presents a significant challenge for advancing brain research (Healey et
al., 2023; Lin et al., 2023).

The second dimension of the problem involves the lack of scalable and biologically
compatible sensing technologies capable of integrating with in vivo or minimally invasive
experimental setups. Many high-sensitivity magnetometry devices require cryogenic
temperatures or bulky designs, making them impractical for use in biological specimens or
clinical environments. Diamond-based sensors, despite their promise, remain
undercharacterized in terms of how well they can reconstruct neural magnetic fields under
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realistic conditions. The uncertainty about their performance in complex biological systems
limits their adoption within mainstream neuroscience.

The third aspect of the problem concerns the difficulty of accurately modeling and
interpreting neural magnetic signatures. Neural currents produce complex electromagnetic
patterns influenced by tissue conductivity and geometry. Conventional imaging devices often
filter out weaker components, reducing information richness. Quantum sensors based on NV
centers offer theoretical advantages, but empirical studies validating their capability for
detecting and resolving realistic neural signals at high resolution remain limited. This scarcity
of empirical evidence motivates deeper investigation into their functional performance
(Dhankhar et al., 2023; Y. Liu, Lin, et al., 2023).

This study aims to evaluate the capability of diamond-based quantum sensors for high-
resolution magnetic field imaging of neural activity. The research seeks to determine whether
NV-center diamond sensors can reliably detect neural magnetic fields at scales relevant to
single-neuron and small-network activity. Establishing this performance is critical for
understanding the practical feasibility of these sensors for neuroscience applications. The study
focuses on resolving both spatial and temporal aspects of signal detection to provide a
comprehensive assessment (Amrein et al., 2023; Babashah et al., 2023).

The research further aims to compare the performance of NV-based sensors with
established magnetometry systems. By benchmarking sensitivity, signal-to-noise ratio, and
imaging resolution, the study intends to reveal the extent to which quantum-enhanced methods
outperform conventional approaches. This comparative perspective allows identification of
specific contexts where quantum sensors may offer transformative advantages. The goal is to
generate empirical evidence that clarifies the functional boundaries of NV-based magnetometry
in neural settings.

A broader objective of the study is to explore the potential of diamond quantum sensors
as a next-generation neuroimaging platform. The research evaluates how these sensors behave
under simulated and experimental neural conditions, assessing their responsiveness to dynamic
changes in neuronal firing patterns. The goal is to provide foundational insights that may guide
future integration of quantum technologies into neuroscience research. This evidence supports
long-term development toward minimally invasive, high-resolution neural imaging tools
(Amrein et al., 2023; L. Liang et al., 2023).

Existing literature on quantum sensing has highlighted the remarkable magnetic
sensitivity of NV centers in diamond, yet relatively few studies have focused on neural
applications. Most work has centered on physical characterization, coherence times, and
external magnetic field detection rather than biologically relevant signals. The gap between
physical demonstrations and biological utility remains substantial. Research has not yet
established consistent protocols for applying NV-based sensors within neural environments,
leaving uncertainty surrounding their performance under realistic biological noise conditions
(Razeghi et al., 2023; Takou et al., 2023).

Current neuroimaging literature acknowledges the limitations of traditional systems but
rarely considers quantum-based alternatives as practical solutions. Many studies emphasize
improving computational post-processing or enhancing electrode-based recordings rather than
exploring fundamentally new technologies. Diamond quantum sensors receive limited attention
within neuroscientific discourse, despite their theoretical ability to overcome existing
constraints. This conceptual disconnect reveals an interdisciplinary gap requiring targeted
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research that integrates quantum technology with neuroscience methodologies (Guo et al.,
2023; Razeghi et al., 2023).

Few studies have conducted systematic comparisons between NV-based diamond sensors
and established neural imaging tools. Most existing demonstrations use simplified magnetic
sources rather than biologically accurate neural models. This lack of comparative and
empirically validated evidence restricts the understanding of where quantum sensors excel and
where limitations persist. Addressing this gap would provide clarity on how diamond-based
sensing technologies can contribute to neuroscientific goals.

This study introduces a novel integration of experimental magnetometry, neural signal
simulation, and real-time imaging analysis to evaluate NV-based diamond sensors in contexts
relevant to neural activity detection. Unlike previous research that focuses narrowly on
physical sensor properties, this work bridges the disciplines of quantum sensing and
neuroscience. The innovation lies in assessing neural magnetic signatures using high-resolution
NV-center ensembles calibrated specifically for neural signal ranges. This approach opens new
avenues for developing quantum-enhanced neuroimaging methods (Neuling et al., 2023; Zheng
et al., 2023).

The research contributes conceptual novelty by reframing neural magnetic field imaging
through the lens of quantum coherence and spin-based detection. Diamond NV sensors offer a
fundamentally different operational principle compared to electromagnetic coils or optical
recording systems, enabling the capture of neural magnetic fields that normally fall below
conventional detection thresholds. This reframing has the potential to transform how
neuroscientists conceptualize the mapping of neural circuits, emphasizing magnetic field
signatures rather than electrical or optical proxies (Ibrahim, 2023; Qin et al., 2023).

The justification for this study rests on the urgent need for more precise, scalable, and
noninvasive imaging technologies capable of resolving real-time neural interactions. Quantum
sensors based on diamond NV centers promise to fill this void, but empirical validation
remains insufficient. By providing structured performance evaluation and comparative
analysis, this research offers critical insight that can guide future development, optimization,
and adoption of quantum neuroimaging tools. The novelty and potential impact affirm the
study’s significance within both quantum sensing and neuroscience fields.

RESEARCH METHOD

This study employed an experimental research approach integrated with simulation-based
modeling to investigate the performance of diamond-based quantum sensors in high-resolution
magnetic field imaging of neural activity. The research combined empirical measurements
using nitrogen vacancy (NV) center ensembles in diamond with computational simulations of
biologically realistic neural magnetic signals. This integrated approach enabled the assessment
of both physical sensing performance and theoretical neural signal representation under
controlled laboratory conditions. Through the combination of experimental validation and
computational analysis, the study aimed to evaluate sensor sensitivity, spatial accuracy,
temporal responsiveness, and the feasibility of NV-diamond quantum sensing technology for
neural magnetic field imaging applications (Gao et al., 2023; Kumar et al., 2023).
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Research Design

The research adopted an experimental design supported by computational simulation
modeling. The experimental component focused on observing the response of NV-center
diamond sensors to controlled magnetic fields that replicated neural magnetic activities, while
the simulation component generated synthetic neural magnetic field distributions based on
established biophysical neuronal models. The integration of these two approaches allowed
direct comparison between experimentally detected magnetic signals and theoretically modeled
neural magnetic patterns. This design provided a comprehensive framework for evaluating the
effectiveness, precision, and reliability of quantum sensing systems in detecting weak neuronal
magnetic fields under conditions relevant to neural imaging studies (Gao et al., 2023; Kumar et
al., 2023).
Research Target/Subject

The target of this study consisted of neural magnetic fields generated by single-neuron
activities and small neuronal network interactions. Experimental samples included synthetic
magnetic field sources calibrated within the nanotesla range to imitate neuronal
electromagnetic signatures. In addition, the study utilized neuronal models derived from
established biophysical simulations to represent action potentials and synaptic current
activities. The sensor samples comprised several NV-center diamond chips with different NV
densities and coherence times to compare sensing performance across various sensor
configurations. The selection of both neural simulation models and sensor variations ensured a
representative evaluation of commercial-grade and research-grade NV-diamond sensing
technologies.
Research Procedure

The research procedures began with the preparation of diamond sensor samples through
surface cleaning, NV-center activation, and optical alignment to optimize fluorescence signal
detection. Subsequently, artificial magnetic field stimuli simulating neuronal signals were
generated using nano coil systems and applied to the NV-based sensing platform. Optically
detected magnetic resonance (ODMR) spectra were then recorded under different magnetic
field intensities and frequencies. The acquired raw sensing data were processed to extract
magnetic field values and reconstructed into high-resolution spatial magnetic maps.
Simultaneously, computational simulations of neural magnetic fields were performed to
generate theoretical magnetic field distributions. The experimental outputs were compared with
simulation results to evaluate signal fidelity, detection sensitivity, and spatial resolution
accuracy. The final stage involved qualitative and statistical evaluation of sensor performance
indicators, including signal-to-noise ratio, sensitivity, temporal response, and imaging precision
(Y. Liu, Li, et al., 2023; Wang et al., 2023).
Instruments and Data Collection Techniques

The study utilized three primary instruments for data collection. The first instrument was
an NV-based quantum sensing system equipped with optically detected magnetic resonance
(ODMR) technology for detecting minute magnetic field variations. The second instrument
was a fluorescence microscopy setup used to visualize and reconstruct spatial magnetic field
distributions across the diamond surface. The third instrument consisted of a computational
simulation toolkit based on finite-element modeling for generating realistic neural magnetic
field patterns. All instruments underwent calibration procedures using reference magnetometers
to ensure measurement consistency and accuracy. Data collection techniques involved
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recording ODMR spectral responses, fluorescence imaging outputs, and simulated neural
magnetic field datasets. The integration of empirical sensing data and computational simulation
outputs enabled cross-validation of magnetic field detection performance and neural signal
reconstruction accuracy (Gao et al., 2023; Guo et al., 2023).
Data Analysis Technique

The collected data were analyzed using quantitative and qualitative analysis techniques.
Quantitative analysis was conducted by calculating sensor performance metrics, including
magnetic field sensitivity, signal-to-noise ratio, spatial resolution, temporal response, and
measurement accuracy. Comparative statistical analysis was also performed to evaluate
differences in performance among NV-diamond sensors with varying NV densities and
coherence times. In addition, simulation outputs and experimental measurements were
compared using correlation and error analysis techniques to determine the fidelity of neural
magnetic field reconstruction. Qualitative analysis was applied to interpret spatial magnetic
imaging patterns and assess the consistency between simulated neural activities and
experimentally detected magnetic signals. The combination of statistical evaluation and
computational comparison provided a rigorous assessment of the effectiveness of NV-based
diamond quantum sensors for neural magnetic field imaging applications (Y. Liu, Li, et al.,
2023; Wang et al., 2023).

RESULTS AND DISCUSSION

The descriptive analysis demonstrated that diamond-based quantum sensors exhibited
high sensitivity to weak magnetic fields within the neural signal range. Measurements across
the NV-center ensembles showed an average magnetic sensitivity of 4.8 nT/VHz and a mean
spatial resolution of 820 nm, indicating the sensors’ capability to detect submicron magnetic
field variations. The temporal response analysis revealed that the sensors sustained detection
frequencies up to 12 kHz, aligning with typical neuronal firing dynamics. The key descriptive
statistics are summarized.

Table 1. Descriptive Statistics of NV Diamond Sensor Performance

Performance Metric Mean SD Min Max
Magnetic Sensitivity (nT/\Hz) 4.8 1.2 29 71
Spatial Resolution (um) 0.82 0.21 0.55 1.20
Temporal Response (kHz) 12.0 33 74 18.6

The analysis of these descriptive results indicates that NV-based diamond sensors
consistently operate within a performance range suitable for neural magnetic field imaging.
The distribution of values suggests stability across different diamond samples, though
variations in NV density influenced sensitivity and resolution. The sensors demonstrated
robustness during repeated trials, with minimal drift and consistent signal-to-noise ratios. These
descriptive characteristics highlight the reliability of the NV sensing platform for capturing
neural-scale electromagnetic activity.

The data explanation shows that the sensors’ sensitivity improvements correspond to
optimized NV-center coherence times and efficient optical readout conditions. Higher NV
density generally correlated with increased fluorescence signal strength but also introduced
noise that required calibration. The spatial mapping capabilities reflected the optical resolution
limits of the fluorescence microscopy setup, demonstrating that nanoscale magnetic gradients
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were preserved in reconstructed field images. These findings reinforce theoretical predictions
regarding the quantum coherence properties of NV centers.

The second explanation reveals that temporal response characteristics were strongly
influenced by microwave drive stability and ODMR bandwidth. Faster neuronal signal
dynamics generated detectable oscillatory patterns within the sensors’ responsive frequency
range. Simulated neural magnetic fields matched the experimentally measured response curves,
indicating that NV centers are capable of tracking rapid variations in neuronal activity. This
alignment between modeled and measured outputs suggests strong theoretical-empirical
coherence.

The inferential analysis examined correlations between NV density, coherence time, and
sensor performance metrics. NV density was significantly correlated with magnetic sensitivity
(r = -0.62, p < .01), indicating that higher NV density improved detection capability but
required compensatory noise filtering. Coherence time showed a positive correlation with
spatial resolution quality (r = .58, p <.01), consistent with quantum sensing theory. Regression
models explained 41% of the variance in sensitivity, confirming that material parameters
strongly influence sensor outcomes.

A secondary inferential test evaluated the relationship between simulated neural magnetic
signatures and experimentally reconstructed field maps. Cross-correlation analyses produced
coefficients ranging from 0.74 to 0.89, demonstrating strong similarity between predicted and
measured magnetic field distributions. These results validate the accuracy of the diamond
sensor’s magnetic field reconstruction process. The inferential outcomes collectively confirm
the reliability of NV-based sensing in capturing biologically realistic magnetic features.

The relational analysis between temporal response and magnetic sensitivity revealed
complementary effects. Sensors with higher sensitivity tended to exhibit lower maximal
response frequencies due to coherence trade-offs. This relationship indicates that optimization
strategies must balance sensitivity enhancements with bandwidth preservation. The integration
of both metrics contributes to a comprehensive performance evaluation for neural imaging
applications.

Additional relational findings showed that spatial resolution was strongly associated with
fluorescence efficiency. Sensors with higher fluorescence contrast produced clearer magnetic
field gradients, improving field-map interpretability. These relationships emphasize the need
for coordinated optimization across optical, electronic, and quantum-material parameters to
achieve reliable neural imaging outcomes.

The case-study observations involved applying the NV sensors to detect simulated
magnetic fields generated by modeled cortical neurons. One case demonstrated the sensor’s
ability to capture the nm-scale magnetic gradient produced during a single action potential.
Another case showed successful detection of synchronized activity across a small neuronal
network, enabling reconstruction of spatially distributed magnetic signatures. These case
studies highlight the practical feasibility of using NV sensors for neural mapping tasks.

Further case-study analysis revealed that the sensors maintained stable performance over
extended measurement intervals, an essential attribute for long-duration neuroimaging
experiments. No significant degradation in coherence or fluorescence intensity occurred during
repeated measurements. These outcomes suggest that NV-diamond sensors are well suited for
continuous monitoring applications requiring temporal stability.
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The explanation of case-study performance indicates that the sensors’ high-resolution
capabilities emerge from the interplay between quantum coherence properties and precise
optical readout mechanisms. The ability to detect distinct neural magnetic signatures
demonstrates that NV sensors are not limited to theoretical or simplified test conditions. The
robustness shown in simulated biological environments underscores their translational
potential.

The final explanation highlights the consistency between case-study detection patterns
and broader descriptive and inferential findings. Neural magnetic signatures reconstructed by
the sensors retained spatial temporal fidelity, confirming that experimental measurements align
with theoretical expectations. These results validate the use of NV-center diamond sensors as a
credible platform for neural activity imaging.

The short interpretation of the findings suggests that diamond-based quantum sensors
represent a viable pathway toward next-generation neuroimaging tools. The strong alignment
between predicted and measured outputs indicates that NV-center technology is capable of
addressing long-standing limitations in neural magnetic field detection. The results illustrate
both the scientific promise and the practical feasibility of integrating quantum sensing into
neuroscience research.

The results of this study demonstrate that diamond-based quantum sensors equipped with
nitrogen vacancy (NV) centers possess the requisite sensitivity, spatial resolution, and temporal
responsiveness to detect magnetic fields produced by neural activity. The sensors consistently
achieved nanotesla-level sensitivity and submicron resolution, enabling the reconstruction of
fine magnetic gradients analogous to those generated by action potentials and localized
neuronal currents. The robust performance observed across multiple NV-diamond samples
indicates technological reliability and reproducibility, which are essential for translational
neuroimaging applications. These findings confirm theoretical claims that quantum coherence
in NV centers can be effectively harnessed for high-resolution magnetic sensing.

The study further establishes that experimentally measured magnetic field maps closely
align with simulated neural signatures. Cross-correlation coefficients between modeled and
reconstructed fields provide strong empirical evidence of the sensors’ accuracy. The
demonstration of stable temporal tracking of rapid magnetic fluctuations confirms that NV-
based sensors can capture dynamic neural events in real time. The combination of high spatial
fidelity and fast temporal responsiveness indicates that NV-diamond sensors are well
positioned to overcome long-standing limitations faced by conventional neuroimaging
technologies.

The results also show that sensor performance varies based on NV density, coherence
time, and fluorescence efficiency. These material parameters significantly influenced
sensitivity and resolution, suggesting that optimization strategies must incorporate fine-tuning
of quantum-material properties. The inferential analyses confirm that neural-level magnetic
field detection is highly dependent on the underlying physical characteristics of the diamond
host environment. These findings reinforce the importance of material engineering in
advancing quantum neurotechnology.

The overall pattern of results indicates that NV based diamond sensors offer a scalable
and minimally invasive platform for sensing neural magnetic fields. The demonstrated
compatibility with biologically realistic signal ranges, combined with long-term measurement
stability, suggests strong potential for integrating these sensors into future neuroimaging
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systems. The findings provide compelling justification for deeper exploration of NV-diamond
technologies as a next-generation solution for mapping neural activity.

The findings of this study align with prior work demonstrating the exceptional magnetic
sensitivity of NV centers for nanoscopic sensing applications. Earlier research has shown that
NV-based magnetometry can detect weak magnetic perturbations at room temperature, and the
present study extends this capability into the domain of biologically relevant neural fields. The
strong empirical—theoretical consistency reinforces the credibility of NV centers as viable tools
for neural imaging. The alignment suggests that NV-based quantum sensing is approaching a
level of maturity suitable for interdisciplinary application.

Differences emerge when comparing the present findings to studies employing
conventional magnetometers such as SQUID or atomic vapor devices. SQUID-based systems
provide high magnetic sensitivity but require cryogenic temperatures and bulky hardware that
limit spatial resolution and biomedical integration. The present study demonstrates that NV-
diamond sensors achieve comparable sensitivity under ambient conditions while providing
submicron spatial mapping. This distinction represents a significant advancement by
eliminating the need for complex cooling systems and invasive setups, thereby enhancing the
feasibility of in vivo neuroimaging.

The results also diverge from optical and electrophysiological neuroimaging studies that
rely on indirect measures of neuronal activity. Electrodes capture electrical potentials but lack
the ability to map magnetic fields with fine spatial precision, while fluorescence-based imaging
often suffers from photobleaching and limited penetration depth. NV-diamond sensors
overcome these constraints through photostable fluorescence, long coherence times, and deep-
field magnetic detection. The present findings thus provide a technically superior alternative in
contexts where both precision and durability are required.

The study adds novel contributions by integrating empirical quantum sensing
measurements with computational neural modeling, a methodological combination rarely
explored in prior literature. Most earlier studies rely solely on physical demonstrations or
simplified magnetic sources. This research bridges the gap between quantum physics and
computational neuroscience by validating sensor performance against realistic neural
simulations. The comparison establishes a rigorous foundation for future interdisciplinary
work.

The findings indicate that quantum sensing is no longer a purely theoretical or
laboratory-bound innovation but a viable technological candidate for next-generation
neuroimaging. The demonstrated ability to detect neural magnetic signatures at the nanotesla
scale reflects a major leap in sensor capability. The results reveal that quantum coherence
phenomena can be successfully translated into practical measurement tools capable of
overcoming long-standing limitations in brain research. This shift signals a transition from
exploratory experimentation to early-stage practical adoption.

The results also suggest that neural magnetic field imaging is entering a new era in which
nanoscale spatial resolution becomes achievable without invasive implants. Conventional
neuroimaging methods typically face trade-offs in spatial and temporal precision, yet the NV-
based sensing platform demonstrates the capacity to capture both at high fidelity. This
phenomenon indicates that quantum sensing may disrupt traditional boundaries in neural
measurement and stimulate new research directions focused on magnetic rather than electrical
or optical neural signatures.
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The study reveals that NV diamond sensors function as a bridge between microscopic
neural events and macroscopic observation systems. The preservation of fine magnetic
gradients in reconstructed maps suggests that neural information is encoded in magnetic fields
with a richness previously underestimated. This insight may reshape how neuroscientists
conceptualize the physical representation of brain activity. The findings call attention to
magnetic fields as an underexplored yet crucial dimension of neural computation.

The observations also highlight that sensor optimization remains vital for unlocking full
neuroimaging potential. Variations in NV density and coherence time continue to influence
detection performance, indicating that quantum-material engineering will play a pivotal role in
advancing neural magnetic imaging. This reflection underscores the need for continued
collaboration among physicists, materials scientists, and neuroscientists to refine sensor
architectures.

The implications of this research extend directly to the development of minimally
invasive, high-resolution tools for studying neural circuitry. NV-based quantum sensors
provide the capability to map magnetic fields at a scale relevant to single neurons, offering
insights into neural computation, connectivity, and real-time information flow. These tools
could dramatically improve the visualization of microcircuit dynamics, supporting
breakthroughs in basic neuroscience and cognitive science research. The implications are
transformative for understanding the brain at a deeper mechanistic level.

The findings also have implications for clinical diagnostics and emerging medical
technologies. High-resolution magnetic imaging could support early detection of neurological
disorders by identifying aberrant activity patterns associated with epilepsy, neurodegeneration,
or demyelinating diseases. The noninvasive nature of NV-diamond sensors improves patient
safety and expands their applicability across diverse clinical populations. The integration of
quantum sensing into medical imaging pipelines could inaugurate a new frontier in precision
neurology.

The results suggest strong potential for applications in neuroprosthetics and brain
machine interfaces. Reliable detection of fine-scale magnetic fields may enable more precise
interpretation of neural signals used to control external devices. The stability and photostability
of NV centers support prolonged monitoring sessions essential for adaptive neural interfaces.
The implications for rehabilitation and assistive technologies are substantial.

The technological implications extend beyond neuroscience. The methods developed in
this study demonstrate how quantum sensing can be adapted for complex biological
environments, paving the way for broader biosensing applications. The advances in quantum-
material engineering and sensor integration highlight opportunities for innovation in robotics,
nanotechnology, and biomedical engineering.

The findings arise from the inherent quantum properties of NV centers that allow for
exceptionally sensitive detection of weak magnetic fields. The long coherence times and spin-
dependent fluorescence of NV centers enable continuous measurement without signal
degradation, which is essential for tracking dynamic neural activity. The operational stability at
room temperature further contributes to strong performance, allowing sensors to function under
conditions compatible with biological samples. These quantum mechanical advantages explain
why the sensors achieved nanotesla-level sensitivity.

The high spatial resolution observed in the study is explained by the nanoscale proximity
between the NV centers and the external magnetic sources. Neural signals decay rapidly with
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distance, and the ability of NV centers to be positioned near the field source minimizes loss of
spatial detail. The combination of nanoscale sensing depth and optical microscopy contributes
to the sensors’ capacity to reconstruct fine magnetic gradients. These physical characteristics
account for the superior spatial mapping capabilities demonstrated in the results. The strong
correlation between simulated and experimental magnetic field distributions is explained by the
theoretical predictability of electromagnetic fields generated by action potentials.
Computational neural models accurately represent the temporal and spatial structure of these
fields, and NV-based sensors, given their high fidelity, are capable of reproducing them
practically. This alignment reflects both the robustness of the modeling approach and the
precision of the sensing technology (Jiang et al., 2023; Zheng et al., 2023).

The observed dependence of performance metrics on NV density and coherence time is
consistent with quantum-material engineering principles. Higher NV densities increase
fluorescence signal, improving sensitivity, while excessively high densities introduce noise
through dipolar interactions. Variations in coherence time similarly alter measurement
precision. These physical trade-offs explain the performance variability observed among the
sensor samples.

Future research should explore the integration of NV-diamond sensors with biological
samples and in vivo neural systems. The current study demonstrates feasibility under controlled
conditions, but application within living tissue requires addressing challenges related to sensor
placement, biocompatibility, and signal attenuation. Investigations into microfabricated
diamond structures or implantable NV-based devices may support such integration. The
advancement of these technologies will accelerate translation into practical neuroimaging tools
(Jiang et al., 2023; Zohar et al., 2023). Further studies should examine how quantum control
techniques, such as dynamical decoupling and spin-bath engineering, can enhance sensor
performance in noisy biological environments. Optimizing these control protocols could
improve coherence times and sensitivity, thereby enabling detection of even weaker magnetic
signatures. Experimentation with tailored microwave sequences may support finer
manipulation of NV spin states, enabling unprecedented imaging precision.

Opportunities exist to deploy machine learning algorithms to enhance magnetic field
reconstruction. Neural networks trained on experimental and simulated datasets could improve
signal extraction, noise suppression, and spatial interpolation. Such approaches may support
real-time neural decoding using NV-based magnetometry. The integration of quantum sensing
with artificial intelligence could revolutionize next-generation neural imaging systems (M. Liu
et al., 2023; Y. Liu, Li, et al., 2023). Translation into clinical and biomedical contexts requires
interdisciplinary collaboration. Researchers must develop standardized calibration protocols,
safety frameworks, and instrumentation guidelines. Future work should also investigate
potential regulatory pathways for medical adoption. By pursuing these advancements, the field
can progress from experimental demonstrations toward widespread application of quantum
sensors in neuroscience, healthcare, and beyond.

CONCLUSION

The most important finding of this study is the empirical validation that diamond-based
quantum sensors equipped with nitrogen vacancy centers can detect neural magnetic fields with
nanotesla sensitivity and submicron spatial resolution. The results demonstrate that these
sensors not only capture weak magnetic signatures analogous to single-neuron and small-
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network activity but also reconstruct spatial temporal patterns with high fidelity. This outcome
differs from earlier studies that primarily focused on theoretical predictions or simplified
magnetic sources, as the present research shows practical feasibility and robust performance
under conditions that approximate biologically relevant neural environments. The
demonstrated alignment between experimental outputs and neural simulations confirms the
transformative potential of NV-diamond sensors for next generation neuroimaging.

The study contributes significant conceptual and methodological value by integrating
quantum sensing, computational neuroscience, and high-resolution magnetometry within a
unified analytical framework. The combination of optically detected magnetic resonance
measurements, fluorescence-based spatial mapping, and finite-element neural simulations
offers a methodological innovation that surpasses traditional single-domain approaches. This
interdisciplinary design enables a deeper understanding of how quantum coherence and spin-
based detection can be harnessed to resolve complex neural magnetic fields. The research
reframes neuroimaging by positioning magnetic signatures rather than electrical or optical
signals as a viable modality for probing neural activity at microscale resolution.

The limitations of this study primarily involve the controlled nature of the experimental
environment and the use of simulated neural magnetic fields rather than direct biological
recordings. NV-diamond sensors were not tested in vivo, and future studies must address
biocompatibility, tissue-induced noise, and challenges associated with sensor placement in
complex biological systems. The sample of diamond materials, though diverse, does not
capture the full variability of NV center configurations available in advanced fabrication
pipelines. Future research should extend these findings through in vivo testing, microfabricated
sensor integration, and optimization of quantum control protocols to enhance coherence in
biological environments.
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