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Abstract

This article analyzes one of the most important phenomena arising from the wave nature
of light—interference—and the optical instruments based on it. The physical essence of the
interference phenomenon, the conditions for its occurrence, and the theoretical foundations of
interferometric methods are discussed. The operating principles of interferometers such as
Michelson, Fabry—Perot, and Mach—Zehnder, as well as their applications in science, industry,
medicine, and modern technologies, are presented from a scientific perspective. The article aims
to reveal the significance of interference-based methods in the fields of optics, biophysics, and
engineering.
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Introduction

One of the important branches of modern physics is optics, which studies the wave and
quantum properties of light in depth. One of the main phenomena confirming the wave nature of
light is interference. The interference phenomenon manifests itself as a periodic increase and
decrease in intensity resulting from the superposition of light waves with the same frequency and
a fixed phase relationship. The discovery of interference brought a fundamental breakthrough in
optical measurements. In the 19th century, T. Young and A. Frenel developed the experimental
and theoretical foundations of interference. Subsequently, special optical instruments based on
interference—interferometers—were created.Using these instruments, extremely small distances,
displacements, refractive indices, and wavelengths can be measured with high precision. Today,
interference-based optical instruments are widely used in fundamental physics, astronomy, nano-
and microtechnologies, industrial metrology, medicine, and biophysics. In particular, the
development of laser technologies has significantly increased the accuracy of interferometric
measurements.In optics, the wave properties of light occupy a central position. One of the most
striking manifestations of these properties is the interference phenomenon, which is
characterized by the formation of constructive and destructive intensity patterns due to the
superposition of light waves with identical frequency and phase coherence. This phenomenon
was scientifically substantiated in the early 19th century by Young and Fresnel and later became
the basis for creating highly precise optical measurement methods.Interference-based optical
instruments—interferometers—make it possible to measure physical quantities with extremely
high accuracy. They are used to determine the wavelength of light, measure very small distances
and displacements, evaluate the refractive index of media, and analyze surface microstructures.
In modern science and technology, interferometric methods are widely applied both in
fundamental research and in solving practical problems.Interference is the intensity distribution
formed as a result of the superposition of phase-coherent light waves. If two waves have the
same frequency and a constant phase difference, they form an interference pattern.For two
monochromatic waves, the electric field strengths are expressed as:

E - Eycos (wt+ @)
E,_Eycos (wt+ @)
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where o is the angular frequency and ¢ —varphi - is the phase difference.

The resulting intensity is given by:

I=h+5hL2./h Lcosp

If e=27mm (where mmm is an integer), maximum constructive interference occurs.

If p=(2m+1)n complete destructive interference is observed.The interference phenomenon is
observed only for coherent sources. Coherence is divided into temporal and spatial types.
Temporal coherence is determined by the spectral width of the light source, while spatial
coherence depends on the size of the source.

Interferometers and Their Applications

The Michelson interferometer operates on the principle of splitting a light beam into two
parts, transmitting them along different paths, and recombining them. This instrument is
important for measuring the speed of light, verifying length standards, and detecting
gravitational waves.The Fabry—Perot interferometer, based on multiple reflections, allows high-
precision analysis of spectral lines.The Mach—Zehnder interferometer is widely used in studying
the optical properties of gases and liquids, as well as in biophysical research.In medicine and
biology, interference-based optical methods play a crucial role in non-destructive tissue
examination, observation of intracellular processes, and diagnostic applications. In particular,
Optical Coherence Tomography (OCT), which is based on interference, enables the acquisition
of high-resolution images.

Michelson Interferometer

The Michelson interferometer is one of the most well-known and widely used optical
instruments based on light interference. Developed by A. A. Michelson, it allows the detection of
extremely small optical path differences. Therefore, it plays a significant role in fundamental
physics, metrology, and modern technologies.One of its most important applications is the
measurement of nanometer and sub-nanometer displacements. If one of the mirrors in the
interferometer is displaced by a distance ddd, the number of shifted interference fringes N
satisfies:
2d=Nir
This method is widely used in micromechanical systems, nanoelectromechanical systems
(NEMS), and deformation measurements.The wavelength of light can be determined with high
accuracy using:

2d
)L:W
his method is applied in laser calibration, spectral analysis, and comparison of optical sources.If
a transparent medium (gas, liquid, or plate) is placed in one arm of the interferometer, the

interference fringes shift. From this shift, the refractive index of the medium can be determined:

where is the length of the medium and NNN is the number of shifted fringes. This method is
used in gas physics, atmospheric optics, and biological fluid research.The Michelson
interferometer is also used to determine surface flatness and defects of mirrors, lenses, and
prisms. The curvature of interference fringes indicates surface irregularities, which is essential
for quality control in optical manufacturing.Changes in temperature or pressure alter the
refractive index of a medium, leading to fringe shifts. Thus, the Michelson interferometer is one
of the most versatile and important interference-based optical instruments, capable of measuring
extremely small physical quantities and performing critical tasks in modern science and
technology.
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Interference in Astronomy and Fundamental Physics

In astronomy, interference is used to determine the angular sizes of stars. Light collected
from multiple telescopes is combined to produce high-resolution images. This allows the
determination of stellar radii and shapes and the resolution of binary star systems. The famous
Michelson stellar interferometer was created for this purpose.In the radio-wave range,
interference is widely applied. Signals from radio telescopes separated by thousands of
kilometers are combined, forming an Earth-sized “virtual telescope” with extremely high angular
resolution. This technique is used to study quasars, galactic nuclei, and black holes (Event
Horizon Telescope). The LIGO and Virgo detectors operate based on the Michelson
interferometer principle. They detect changes in interferometer arm lengths on the order of:

AL=10"18m

which makes it possible to observe minute spacetime fluctuations caused by gravitational waves.
Interference thus serves as a universal tool for investigating the most subtle and fundamental
physical processes in astronomy and physics.

Interference in Bio-Optics

Interference is the periodic enhancement and reduction of intensity resulting from the
superposition of coherent light waves. In bio-optics, this phenomenon is used to measure tissue
thickness, refractive index, microstructure, and dynamic changes.Optical Coherence
Tomography (OCT) is based on low-coherence interference and enables cross-sectional imaging
of biological tissues. It is widely applied in ophthalmology (retina, cornea, optic nerve
examination), cardiology (assessment of blood vessel walls), dentistry (enamel and dentin
structure), and neurology (detection of microstructural changes in brain tissues). Its advantages
include 1-10 pm resolution, non-ionizing radiation, and painless operation.Interference is also a
highly sensitive tool for detecting biomolecular interactions, such as antigen—antibody reactions,
DNA-DNA hybridization, and protein—ligand binding. The interferometric signal depends on
changes in the refractive index, indicating the presence and concentration of biomolecules. This
principle is widely used in medical diagnostics and laboratory analysis.Interference-based
microscopy, including phase-contrast microscopy and differential interference contrast (DIC)
microscopy, plays an essential role in studying cell physiology and pathology.In bio-optics,
interference is one of the fundamental optical mechanisms underlying modern medical
diagnostics and scientific research. Techniques such as OCT, interferometric biosensors, phase
microscopy, and holography significantly contribute to early disease detection, cellular-level
analysis, and the development of personalized medicine.

Conclusion

Interference-based optical instruments represent one of the most important directions in
modern optics and physics. They enable the measurement of extremely small distances, times,
and phase differences, which is crucial for solving scientific and practical problems requiring
high precision. Interferometers are widely used in fundamental physical research, industrial
quality control, medical diagnostics, and biophysical studies. With the further development of
laser and digital technologies, the capabilities of interference-based optical instruments are
expected to expand, and their role in scientific and technological progress will continue to grow.
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