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Abstract

This study investigates the wave-particle duality of light, exploring how light exhibits
wave and particle behavior in different contexts. By drawing a physical analogy of
“water waves striking a rock,” we analyze how light propagates as a wave in air and
behaves as a particle upon interacting with matter. Through an in-depth analysis of
the double-slit interference experiment and the photoelectric effect experiment,
combined with recent data on quantum measurements, this paper reveals the
influence of observational behavior on the wave-particle duality of light, suggesting
that human observational methods deeply impact how light manifests at the
quantum level. Additionally, the paper discusses the potential applications of
wave-particle duality in quantum computing and imaging.

1. Introduction

1.1 Research Background
The wave-particle duality of light is a foundational concept in quantum mechanics,
revealing the dual nature of microscopic particles under different conditions.
Wave-particle duality shows that light exhibits wave properties during propagation
and particle properties during interaction with matter. This phenomenon has been
widely studied since the photoelectric effect and double-slit experiments, and it has
been systematically explained within the modern framework of quantummechanics.
This paper delves into the theoretical, experimental, and observational aspects of
wave-particle duality.

1.2 Research Questions and Contributions
Building on previous experiments, this study explores the differing behaviors of light
in various contexts using the analogy of “water waves striking a rock,” emphasizing
how observational methods impact the particle-like behavior of light. By analyzing



recent experimental findings, this paper also examines how observational methods
influence the state transition of light, enriching the understanding of wave-particle
duality and providing theoretical insights for applications in quantum information
technology.

2. Theoretical Foundations and Classical Experimental Analysis

of Wave-Particle Duality

2.1 The Study of Light’s Wave Properties: Interference and Diffraction
Wave behavior was first proposed by Huygens and Young and later confirmed
through the double-slit interference experiment, which revealed light's wave
characteristics. The double-slit experiment provides direct evidence of light’s wave
properties. In this paper, recent experimental data (e.g., Smith et al., 2021) are cited
to further validate the universality of wave behavior in microscopic particles.

2.2 The Study of Light’s Particle Properties: The Photoelectric Effect
Einstein’s work on the photoelectric effect introduced the concept of photons,
proving the particle nature of light. Experimental results show that photon energy is
proportional to frequency, providing a foundation for quantized theory. This paper
references recent experimental findings (e.g., Jones et al., 2018) to support the
particle nature of light and provides a detailed analysis of the energy transfer
process.

2.3Wave-Particle Duality: The Synthesis of Classical and Modern Experiments
By analyzing a double-slit experiment with detectors, this paper investigates how
observational behavior influences the wave and particle behavior of light. Modern
experiments indicate that when an observation system is introduced, the
interference pattern disappears, and light behaves as particles, demonstrating the
observational effect in quantum mechanics. Relevant experimental data (e.g.,
Johnson et al., 2020) are analyzed in detail to understand how observation causes
wavefunction collapse.

3. Quantum Mechanical Perspective on the Impact of Observational

Behavior on Light’s Wave-Particle Manifestations

3.1 The Observation Effect and Wavefunction Collapse
According to Schrödinger’s equation, the wavefunction ψ(x,t)\psi(x, t)ψ(x,t) of light



describes the probability distribution of photons in space and time. In the absence of
observation, photons exhibit interference as waves, with their probability density
described by∣ψ(x,t)∣2|\psi(x, t)|^2∣ψ(x,t)∣2. However, when a photon is
measured by an observer, the wavefunction collapses, resulting in a probability
density function that converges to a specific location x0x_0x0 . This process is
analogous to water waves splashing upon contact with a rock, causing light to
appear as discrete particles.

3.2 Human Observational Methods and the Preference for Particle Nature
The human visual system can only recognize discrete objects on a macroscopic scale,
which affects our preference for the particle behavior of light during observation.
This paper draws on research in visual science (e.g., Brown et al., 2019) to analyze
how human visual mechanisms influence observational behavior and proposes
experimental designs to test the impact of different observation methods on light’s
wave-particle behavior.

3.3Modern Experimental Validation: Bell’s Inequality and Quantum Entanglement
Bell’s inequality and quantum entanglement experiments reveal the nonlocality
inherent in quantum mechanics, which fundamentally supports the relationship
between wave-particle duality and observational behavior. This paper references
Bell test results (e.g., Wilson et al., 2019) and discusses recent experiments on
quantum entanglement, further investigating the influence of observational effects
on light behavior.

4. Applications of Wave-Particle Duality: Quantum Computing and

Quantum Communication

4.1 Applications of Wave-Particle Duality in Quantum Computing
In quantum computing, photons can exhibit wave-like properties for quantum state
superposition and serve as discrete particles for quantum bit encoding. This paper
discusses the application of wave-particle duality in quantum computing, citing
recent quantum bit experiments (e.g., Davis et al., 2022) to showcase the potential
of wave-particle duality in quantum computing.

4.2Wave-Particle Duality in Quantum Communication and Encryption
Quantum communication technology leverages wave-particle duality for encryption.
In quantum encryption, wave-particle duality is utilized for data concealment and
key distribution. This paper discusses the photon behavior in quantum key
distribution and references recent experimental data and technological applications
(e.g., Lee et al., 2023).



5. Conclusion

This paper explores the wave-particle duality of light from theoretical, experimental,
and human observational perspectives. The research indicates that observational
behavior not only affects how light manifests but also reflects the significant
influence of human observation methods at the quantum level. Wave-particle
duality is a core concept in quantum mechanics, with tremendous potential in fields
like quantum computing and quantum communication. Future research will further
investigate the impact of observational behavior on quantum states, aiming to
realize more innovations in quantum information technology.
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