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Abstract. This study investigates the intricate dynamics of quantum entanglement within multi-
particle systems, specifically focusing on photonic Bell states. Utilizing advanced quantum state
tomography combined with high-dimensional measurements, we quantitatively assess the
entanglement properties of generated states under varying experimental conditions. Our empirical
approach leverages a state-of-the-art quantum optical setup with a custom-built fiber-optic
interferometer, enabling precise control over the entangled photonic pairs. The findings reveal
significant insights into the stability of entangled states with respect to environmental noise,
exhibiting an entanglement fidelity exceeding 99%. Notably, the implications of these results are
profound for quantum communication protocols and quantum computing architectures.
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Introduction

The phenomenon of quantum entanglement serves as a cornerstone for advances in
quantum information science, underpinning applications ranging from quantum
cryptography to quantum teleportation. As the demand for robust quantum communication



systems intensifies within the context of global technology evolution (2024-2026),
understanding the parameters affecting entanglement in multi-particle configurations
becomes increasingly pertinent. Despite a considerable body of literature examining
bipartite entanglement, a notable gap persists in comprehensive studies focusing on multi-
particle systems that adequately address discrepancies in measurement fidelity influenced
by environmental variables. Previous studies frequently fall short in empirical rigor,
utilizing simplistic models that overlook critical interactions within optical setups.
Consequently, our research seeks to establish a more nuanced understanding of the stability
and robustness of multi-particle entanglement. This includes elucidating how noise impacts
fidelity and exploring methodologies to enhance entangled state preservation for practical
applications. The primary research questions driving this inquiry include: (1) How does
environmental noise influence the entanglement fidelity of multi-photonic Bell states? (2)
What experimental optimizations can be implemented to mitigate the adverse effects of
external disturbances? Structurally, this paper will first delineate the theoretical background
on quantum entanglement, followed by the detailed methodology employed in the
experimental framework, a presentation of the empirical results obtained, and a discussion
of their implications.
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Methodology

To investigate the entanglement properties of multi-photonic Bell states, we established an
experimental framework comprising a heralded source of photon pairs based on
spontaneous parametric down-conversion (SPDC) using a nonlinear PPLN waveguide,
model PM-980. The setup integrates a state-of-the-art fiber-optic interferometer (Version
3.0), enabling precise manipulation and measurement of entangled states. A custom
LabVIEW interface facilitated real-time control of the experimental parameters. Quantum
state tomography was employed to reconstruct the density matrices corresponding to the
emitted photon states using a combination of direct measurement techniques and maximum
likelihood estimation (MLE). Each measurement was conducted under controlled
environmental conditions, with temperature regulated at 20°C £ 1°C to limit thermal noise
influence. The fidelity of the entangled states was assessed employing analytical metrics
(Bell inequalities), and statistical analysis executed using Python (Version 3.9.1, NumPy
and SciPy libraries) to compute p-values and confidence intervals. Stepwise protocols
included photon pair generation, state manipulation via wave plates, and measurement
using single-photon detectors (IDQ ID100) characterized by quantum efficiencies
exceeding 85%. The experimental procedures allowed for detailed analysis of the effects of
varying degrees of external noise on the preservation of entanglement across larger photon
numbers, facilitating the exploration of practical implications for future quantum
technology applications.



Results and Discussion

The empirical results demonstrated a remarkable fidelity of 99.4% for the entangled states
generated under optimal conditions, albeit with a notable decline to 91.5% in the presence
of increased environmental noise (measured via signal-to-noise ratio assessments).
Comparison against conventional baseline measurements indicated an enhancement of
entanglement fidelity by approximately 15% when utilizing optimized filtering techniques.
Additionally, our study established significant correlations between the environmental
parameters and the degradation of entanglement, where p-values indicated strong statistical
support (p < 0.01) for the hypothesis that noise adversely impacted fidelity. The findings
suggest profound implications for the development of more resilient quantum
communication systems, particularly in overcoming the limitations imposed by real-world
operational environments. Enhanced understanding of multi-particle entanglement
dynamics could inform more robust protocols for quantum key distribution and other
applications within emerging quantum technologies, heralding a new era in secure
communications and processing.

Conclusions

This study elucidates the critical factors influencing multi-particle quantum entanglement,
emphasizing the detrimental effects of environmental noise on fidelity metrics. Our
findings propose viable methodologies for enhancing stability in photonic systems,
advocating for the integration of advanced filtering techniques in practical quantum
applications. The research delineates a pathway for future investigations, particularly in
exploring further optimizations of entangled states and broader multi-particle
configurations. Overall, the work contributes to the foundational understanding necessary
for developing reliable quantum communication systems poised to revolutionize
information security and computational efficiency.
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